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A detection method for
producing phase and amplitude images simultaneously
in a scanning transmission electron microscope

N. H. Dekkers and H. de Lang

Even in fields that appear to have been quite exhausted, discoveries are sometimes made
that are so simple and Sfundamental in nature that they are totally unexpected. The
article below presents a very simple method in which a pure phase image can be ob-
tained with.a scanning transmission electron microscope without recourse to defocusing
and spherical aberration. At the same time an equally pure amplitude image is obtained _
separately. This again is an improvement since the structure of the film carrying the
specimen is practically invisible in the image. ' ‘ '

Introduction

In addition to the weil known conventional electron
‘microscope — the transmission electron microscope

(TEM) — which has now been in use for thirty years |

and more, and the scanning electron microscope (SEM)
of somewhat more recent date, a third microscope com-
bining features of both (STEM) has come into use in
the last few years. In this type of electron microscope

the specimen is scanned in a raster pattern bya focused -

beam of electrons —- in this the STEM is similar to the
SEM — but the image is obtained by detection of the
electrons which have passed through the specimen (11,
An STEM is not generally built as a separate instrument

but is obtained from a TEM by the addition of certain

accessories.

- The STEM has various advantages over-the con-
ventional instrument. The electron-optics configuration
:an_be simpler and the image is available in the form

>f a video signal. It has also been found that when,

{ark-field illumination is employed, more efficient use
:an be made of the electrons: more of the scattered
sdlectrons are detected. This means that the specimen can
re scanned with a less powerful electron beam and
herefore sustains less radiation damage. At the sume
ime it is'relative]y easy to analyse the inelastically

scattered electrons in terms of energy,; while because
there is no further imaging after their passage through
the specimen, the inelastically scattered electrons do
not introduce chromatic blur into the image. A prac-
tical disadvantage of the STEM method is the need fo
use a very bright electron source, at least if it is desn‘ed
to work with the highest resolution attainable. - )

Although it may not be obvious at. first sight, it is
equally possible to make phase speci’mens visible with
an STEM as it is with a TEM or a phase-contrast
(optical) microscope. In this article we shall describe
a new detection method that makes it possnble tp ob~
tain amplitude and phase images snmultaneously 2,
As will be explained below, a detector consisting of two
semicircular parts is used in the new method. With this
method a phase |mage can be obtamed without the
need for defocusing or spherical aberranon as requnred
in the TEM with coherent illumination. Before we
examine the method in detail, we should like to com-
pare imaging in the TEM with that in the STEM. It
has been found possible to derive STEM i 1magmg from
TEM imaging by applying the prmcnple of rec:procxty,
which reveals that phase contrast can in fact be ob-

‘tained with the STEM.

¥ Ir N. H. Dekkers and Dr H. de L(mg are with Plullps Rescarch
aboratories, Eindhoven.

151 A. V. Crewe and J. Wall, Optik 30, 461, 1970. * .
121 N. H. Dekkers and H. de Lang, Optik 41, 452, l97f1.
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Image formation in the TEM and STEM;; amplitude and
phase objects

The imaging in a conventional electron microscope
has much in common with imaging in the optical
microscope. In the same way that specimens in optical
microscopy affect both, the amplitude and the phase of
the incident beam — but only the phase in thie case of
non-absorbent specrmens — 50 also do specimens in
the electron microscope. The phase change is deter-
mined by the optical path, ie. the product of the
geometrical path and the refractive index.’

The refractive index for electron wayes is found from the rela-

Ltion [3);

eV, Eo -|~

n=1— ]

E‘2Ey +E’ _ m
where e is the electronic charge and V the internal potential of
the material; £ is the electron energy eVy, where Vg is the accel-
erating voltage; Eo is the rest energy moc?, where /o is the rest
mass of the electron and ¢ represents the velocrty of light. The
simpler expression

n=1—=eVRE= 1= V2V, ()

applies for the non- -relativistic case. The phase change due to a
layer of matter is given by

J (n— Dk dz, (3)
where k is the wave number:
Ty V2meVs
I Sl b e

The phase 1s only affected if the electrons are only
subjected ‘to elastic collisions on' the atomic scale; i.e.
if they are aﬂ'ected by the field of the atomic nucleus
and the electron cloud, but without actually exciting
the electron cloud In the case of excitation the elec-
tron undergoes an irrevérsible loss of energy (inelastic
scattermg) “The elastically scattered and the non-scat-
tered. relectrons together form the i image, a pomt which
will be discussed below.

Thé amplityde is affected if eléctrons are prevented
from participating in the lmage-formmg process de-
scribed above. This is the case > when elastically scattered
electréns are ‘not collected in the lens aperture and also
When electrons are inelastically scattered; such élec-
trons : are now unable to jhterfere with the non-scattered
electrons. Measurement of the energy lost by the in-
élastically séﬁittered electrons cad provide information
about the substances present in the specimen. Inelastic-
ally scattered electrons can in fact produce an image,

though it will not be very sharp for a number of

reasons (delocalization [4), chromatic aberration), but
the subject will not be discussed further here.

DEKKERS and H. DE LANG
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The imaging of phase structures in a conventional elec-
tron microscope

Let us consider a conventional electron microscope
with coherent illumination. We shall take a weak, thin
phase structure as our specimen. Let the amplitude of
the incident wave be a. The wave transmitted by the
object (coordinates x,y) is spatially phase-modulated
and has an amplitude @ exp i¢(x,y), where the phase
excursion ¢ is much less than 1. This wave, the object
wave, can be thought of as consisting of the original
unperturbed wave a and a (much weaker) scattered
wave, caused by the structure, which is expressed by:

asp = a exp ip(k,y) = a - iap(x,y). (4)

From this we see that at the location of the specimen
the scattered wave has a 90° phase difference from the
unperturbed wave. An ideal optical system reproduces
the object wave.in the image plane (coordinates X,Y),
where the amplitude A1 can be written as:

Aim = A + iA$(X,Y). &)
The intensity in the image is given by:
hm = Ammdm® = A1 + (X, 1)} (6)

Since ¢ < 1, the term $2(X,Y) may be neglected and
the result is a uniform intensity distribution; no struc-
ture is therefore perceptible in the image. To obtain a
perceptible image structure we therefore have to
abandon ideal imaging.

In F. Zernike’s familiar phase- contrast techmque
— to return to optical microscopy for a moment —
this is achieved by rotating the phase of the unperturbed ‘
wave through 90° (and possibly also attenuating it) in
relallon to the scattered wave; the image amplitude and
mtensnty then become:

Aim = i{ 4+ ASX,Y)}, 7y

Irm = A{l & 24(X,Y)}. ®)

There is now a perceptible image structure which, de-
pending on the direction of the phase shift, is called a
positive or a negative phase-contrast image.

@ L. Reimer and H. Glldc, in: P. W. Hawkes (ed.), Image pro-

cessing ‘and computer-aided design in electron optics,
- Academic Press, London 1973, p. 138.

141 H. Rose, Optik 45, 139 and 187, 1976.

181 P. N. T. Unwin, Pro¢. Roy. Soc. London A 329, 327, 1972.

181 . See for example C..J. Rakels. J. C. Tiemeijer and K. W. Wit
teveen, Phitips tech. Rev. 29, 370. 1968.

171 Sce the article by Reimer and Gilde, note {3].

181 J, M. Cowley. Appl. Phys. Lett. 15. 58. [969.

191 H. von Helmholiz, Crelle's J. 57. 1. 1859.
H. von Helmholtz, Wiss. Abhandl. Leipzig 1, 309, 1882.

Mol H. A. Lorentz. Versl. gew. Verg. Wis- en Natuurk. Afd Kon.
AKad. Wet. Amsterdam 14, 345, 1905, or Proc. Kon. Akad.
Wet. Amsterdam 8. 401. 1905, .

M. von Laue, Ann. Physik (5) 23, 705.-1935.
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It is in fact possible to process the unperturbed wave
in this way in electron microscopy, but the operation
is a difficult one [5]. The expedient generally adopted
is to generate the phase-contrast effect by combining
the spherical aberration of the objective lens with an
appropriate amount of defocusing. The phase relation
between the perturbed and the unperturbed wave can
be adjusted in this way, as in Zernike’s method. How-
ever, this method does not allow a 90° phase shift to
be obtained over the entire spatial-frequency spectrum,
and the phase-contrast effect remains imperfect. (6]

Another method of making phase structures percep-
tible in an electron microscope is based on the fact that
the aperture angle of the objective has to be made small
(of the order of 0.01 radian) to keep the effect of the
unavoidable spherical aberration within reasonable
bounds. The specimen invariably includes structures
whose spatial frequency is so high that the scattered
wave is not incident in the lens aperture, which means
that imaging of these structures is not affected by inter-
ference of the scattered wave with the unperturbed
wave: the structures are not ‘resolved’. The scattering
does however have another effect. Since the electrons
scattered outside the lens aperture are lost for imaging
purposes, this scattering can be regarded as ‘virtual’
absorption, so that the areas of the specimen where this
scattering is more pronounced have a smaller amplitude
in the image and therefore appear darker. We therefore
have a situation in which a purely phase effect (we con-
sider only elastic collisions) causes the specimen to
become visible as an absorptive structure whose image
shows all the properties of that of a genuine — i.e.
absorptive — amplitude object.

The structure that produces this contrast is mainly the atomic
structure of matter. A distinction can be made here between
heavy and light elements. If we consider the properties of elastic
scattering as a function of the atomic number [7), we find that
the shape assumed by the angular distribution of the scattering
hardly depends at all on the atomic number Z; the effective
cross-section area, however, is approximately proportional to
Z3/2, Scattering is consequently much more pronounced for
.materials containing heavy atoms than for those containing light
atoms, which explains why heavy elements are frequently used as
(scattering) contrast media in electron microscopy. The contribu-
tion to the phase contrast made by a fragment of material depends
very little on Z since the internal potential of all materials is of
approximately the same order (several volts).

Image formation in an STEM,; Helmholtz’s reciprocity
principle

‘We shall now discuss how image formation occurs in
a scanning transmission electron microscope. It was
originally thought that it must differ essentially from
image formation in the conventional microscope be-
cause a scanning microscope would be free from the

MODULATION TRANSFER WITH STEM 3

imaging peculiarities resulting from the use of coherent
illumination. It soon became clear that this was not
really true: the two imaging processes are completely
analogous (8,

The similarity can be demonstrated by the reciprocity
principle, which was first formulated for acoustic waves
by H. von Helmholtz 91 and later for electromagnetic
waves by H. A. Lorentz [}0), This theorem states that
the transmission of radiation is, for very general con-
ditions, invariant when the roles of source and detector
are interchanged. It is widely applied in radiocommuni-
cation, in a version appropriate to transmitting and
receiving antennas. As might be expected, the theorem
also applies to electron waves [11], For electron
microscopy we formulate the theorem as follows: if a
point source at P produces an intensity 7 at point Q,
the same source located at Q will also produce an
intensity I at point P.

In fig. I we see next to one another a conventional
transmission microscope (TEM) and a scanning trans-
mission microscope (STEM). In the TEM the radiation
from a surface element do, with position r, of the source,
situated around point P, is incident on the specimen.
In the image plane we choose a point Q conjugate to

object point ¥ with position ¢ on the specimen. The

IP Q So _____9_“?. ______

L L

SpC o) Sp—— l./ po—
P Py

So 2 do r D S

TEM STEM

Fig. 1. The imaging principle in a conventional transmission
electron microscope (TEM) and a scanning transmission micro-
scope (STEM). One can be thought of as being derived from the
other by interchanging the source and the detector (the reciprocity
principle of Helmholtz). So electron source; r coordinate’in the
emitting plane. Sp specimen: g coordinate in the object plane.
L lens. IP image plane in TEM. DP detector plane in STEM.
do surface element around point P in the source plane of the
TEM. ¢ (infinitesimal) surface area of the source in the STEM.
Points ¥ and Q are imaged in each other by the lens.
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source element delivers an intensity contribution d/
at Q, which depends on ¢ and can be written as:

df(e) = RT(e)do. ®

R in this expression is the radiance of the source, i.e.
the radiant flux per unit of surface area per unit of
solid angle, and T(p) the transmission coefficient of the
complete system, including the specimen.

In the STEM the source at Q has an infinitesimal
area ¢ and a radiance R’. In the plane in which the
source is located in the TEM there is now a detector.
The intensity I’ at point P of the detector plane is
therefore '

I'() = R'T'(0)e, (10)

where 7" (p) again represents the transmission coefficient
of the complete system, including the specimen. The
reciprocity theorem now implies that the transmission
coefficients are the same for both cases:

T(e) ~ T'(e)- (D

From this it follows in particular that the intensity con-
tribution dI’ in the image plane of the TEM depends
on g in the same way as the intensity at point P of the
detector plane. The equivalence of the two instruments
for radiation travelling from P to Q in the TEM and
from Q to P in the STEM is thus demonstrated.

Strictly speaking, this would only apply to electron microscopes
with electrostatic lenses. Reciprocity does not apply for magnetic
lenses because the movement of an electron along a path in a
magnetic field is not reversible; it will be readily appreciated,
however, that the analogy can be restored by reversing the
magnetic field. Additionally, the inelastically scattered electrons
will have to be ignored, i.e. they must be considered not to be
detected.

In practice the source in the TEM will of course have
finite dimensions. This means that we have to integrate
over the source in (9), obtaining the following expres-
sion for the intensity:

Ie) = T(@) [ Rdo.
So
The detector in the STEM will also have finite dimen-
sions. If the function G represents the sensitivity distri-
bution of the detector in the STEM, the total detector
signal becomes:

(12)

S(e) = R’eT'(p) / Gdo.

Det

(13)

Comparison of (12) and (13) shows that to maintain
the equivalence of the TEM and the STEM the sensitiv-
ity distribution G over the detector must have the same
shape as the radiance distribution R over the source in
the TEM.

Philips tech. Rev. 37, No. 1

Principle of detection with a divided detector; simul-
taneous phase and amplitude contrast

As we have seen, phase contrast can be produced in
the TEM by combining an appropriate amount of de-
focusing [8) with coherent illumination. This means
that the source in fig. 1 as seen from the specimen must
have a small angular diameter. The corresponding con-
dition for the STEM is that the defocusing should be
the same and that the detector should have the same
(relative) position and size as the source in the TEM.
It is at once obvious that such an STEM configuration
is unpractical, for while it is difficult enough to obtain
sufficient detected electrons in a reasonable time, only
avery small proportion of the beam transmitted through
the specimen is used in this case. A long exposure time
would be necessary for a reasonable signal-to-noise
ratio, with the added disadvantage that the probability
of damage to the specimen would be increased by the
large radiation dose.

However, it is possible to obtain phase contrast in
the STEM by using a detector of large area. The use of
a large detector has the added advantage that the reso-
lution is increased. The reason for this is that when a
detector does not completely fill the aperture of a beam
that is not affected by a specimen, the resolution is the
same as for a TEM with incoherent illumination, i.e.
twice as high as with axial coherent illumination, which
has long been known in optical microscopy.

We shall now explain our method with reference to
fig. 2, which represents an STEM with a weak sinu-
soidal phase object. The complex amplitude of the
scanning spot in the object plane will be called a(x,y).
The sinusoidal phase object whose spatial-frequency
vector £ is in the x-direction multiplies this amplitude
by the object transmission Ty:

Ty = exp[ido cos {2(x — £)}], (14)

where £ is the translation of the object in the x-direction
and ¢ the phase deviation. Since the object is weak:

$o < 1, 15)

so that we can write for the transmission:

Ty =1+ igocos {2(x—&} =
=1+ digo [exp{i(x — &) + exp{—iQ(x— &)}].
(16)

On leaving the object the wave therefore consists of
three components:

the undeflected wave a,

the wave deflected to the left tiado exp {i2(x — &)},
the wave deflected to the right diao exp {—iQ2(x — &)}.
The original beam is thus now accompanied by two
deflected beams that can be thought of as having been
derived from the original wave by rotation about the
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axial point of the object through an angle 2/k and an
extra phase {7 4 £2£. In the detector plane, situated
a (considerable) distance / away, the amplitude 4 4(X,Y)
can be written as:

Ay(X,Y) = AX,Y) + JidoA(X + Qlfk, Y) exp (—i2£) +
+ didod(X — Qifk, Y) exp (+i8). 17

The form of function 4 depends on the lens aberrations
(e.g. spherical aberration) and the defocusing of the
object. In practice ]A(X, Y)| will be constant inside and
zero outside a circle of radius opl. If we assume for the
time being that there are no aberrations and that the
specimen is in focus, the phase of A(X,Y) can also be
regarded as constant. Hence A(X,Y) = Ao.

DP (x.v)

Fig. 2. Schematic presentation of imaging in the STEM, for
calculating the behaviour of phase and amplitude objects. L lens
that focuses the scanning beam, with angle of aperture ao.
Sp specimen plane; x and y coordinates of points on the
specimen. & displacement of the specimen in the x-direction.
DP detector plane; X,Y coordinates in DP.

Fig. 3. At the output side of the specimen in the STEM we find
not only the original beam I, shown here in section in the de-
tector plane, but also two deflected beams 2. The deflected beams
have a rotation and a phase difference in relation to I, which
depend on & (fig. 2). Interference occurs in the hatched areas
and gives amplitude modulation when § is varied. The modu-
lations of the two regions are in phase with each other in ampli-
tude objects and in phase opposition in phase objects. A pure
amplitude image or a pure phase image can therefore be obtained
by dividing the detector (Det) into two parts along the vertical
diameter and adding the signals from the two parts or subtracting
them from each other.

MODULATION TRANSFER WITH STEM S

Suppose now that the object is scanned by varying
the position £ of the object. The intensity in the detector
plane will then be modulated in the hatched areas of
fig. 3 because interference between the undeflected
beam and the beam deflected to the left will take place
in the left-hand area, while interference between the
undeflected beam and the beam deflected to the right
will take place in the right-hand area. The phase of the
undeflected beam is constant while the phases of the
deflected beams decrease or increase with £ as indicated
by equation (17).

The intensity 7,1 in the area on the left is given by:

Iy = Ao?{l + Ligo exp(—iR2&)}{1 — tido exp i¢} =

= Ao2(l + $osin 2&), (18)
with the term in ¢$¢2 neglected, of course. '

Similarly for the area on the right:
Ty e = Ao2(l — ¢o sin £2£). (19)

We therefore see that the modulations in the two areas
of interference are opposite in phase, as should after all
be expected since a phase object does not alter the total
amount of power transmitted. Equations (18) and (19)
also show that the intensity modulations differ by 90°
in phase from the position of the object structure in
relation to the scanning spot.

We next consider an amplitude object whose trans-
mission Ty can be described by:

Ta = 1 + pocos {2(x— &)} =

=1+ polexp {i2(x — &)} + exp {—i2(x— £)}].
(20)
Here again the wave leaving the specimen has three
components:
the unperturbed wave a,
the wave deflected to the left apo exp {i2(x — &)}, and
the wave deflected to the right 3apo exp {—iQ(x — &)}.
The amplitude at the detector plane is now

ApX,Y) = AX,Y)+ $poA(X + Qifk, Y) exp (—if2¢) +

+ 4poA(X — Ql[k, Y) exp (-+i02§), 2D
and the intensities in the areas of interference are:
Ing = Ao2(1 + po cos £2§),
b1 = Ao 22)

Iy = Ao2(1 + po cos Q2&).
We therefore see that with an amplitude object the
intensity modulations in the two areas are in phase with
each other and also with the position of the object in
relation to the scanning spot.
Phase objects and amplitude objects therefore show

. up in different ways in the detector plane. We took

advantage of this to divide the detector into two semi-
circular areas, as shown in fig. 3. If the signals from
the two halves of the detector are added, the resulting
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signal only contains amplitude information. If, how-
ever, one set of signals is subtracted from the other,
then there is only phase information. The sum signal
and the difference signal are obviously simultaneously
available during the scanning process.

The phase structure appears differentiated in the
image (see (18) and (19)) and is thus represented as a
model in relief illuminated from the side.

The amplitude structure appears in the ordinary way,
i.e. undifferentiated.

With this method of detection the contrast — and
hence also the phase contrast — is obtained without
any need for the defocusing or spherical aberration

required in the TEM. Furthermore, as already noted,

the resolution is just as high as ina TEM with incoherent
illumination and therefore twice as high as in a TEM
with coherent illumination in the radial direction.

An STEM detection method has also been published 2] in
which the detector is divided into separate areas, as in our
method, but these take the form of two or more annular zones.
It will be clear from the explanation just given of the skew-
symmetrical properties of modulation by phase structures that
a configuration of this kind cannot give phase contrast without
spherical aberration and defocusing, which means that a suitable
combination of these aberrations has to be devised for this
method, which we shall not discuss further here.

The analogy between the TEM and STEM illustrated in fig. 1
seems to indicate that it should be possible to obtain a pure
phase image and a pure amplitude image with a TEM without
having to use spherical aberration. This would necessitate two
exposures with coherent illumination, the first with one half and
the second with the other half of the illumination aperture
covered. Summation of the exposures would yield the amplitude
image and subtraction the phase image. This method is almost
unusable in practice because perfect registration of the two ex-
posures is difficult and also because they cannot be made
simultaneously; images change shape in the interval between
exposures. Another disadvantage is that the contrasts are poor.

Characteristics; experiments

Modulation transfer

We shall now look more closely at the characteristics
of the method that has just been introduced.

First we shall discuss the modulation transfer (‘con-
trast transfer’) in the case of a focused system free from
aberration. Image formation for weak structures can be
completely characterized by the modulation transfer
for phase and amplitude, since the imaging of such
structures is a linear process: the intensity modulation
in the image of two superimposed structures is the sum
of the individual intensity modulations.

Here we define the modulation transfer for amplitude
structures (with the sum signal of the two detectors) as
the depth of modulation of the detected signal divided
by the modulation depth of the absolute value of the
amplitude transmission of a sinusoidal object structure.
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For phase objects, which are detected by means of
the difference signal from the two halves of the detector,
the background signal is zero and the signal is a pure
alternating-current signal. In defining modulation trans-
fer, however, it is useful to attribute to the detector
signal a background equal to the mean signal current
for the total detector surface. This facilitates the treat-
ment of signal-to-noise problems, since the electron

- . 1 Cs = 0,
Cy d=0.

i II. Cs = 1.59 mm,
T 08 5 = —54 nm.

0.4r
I I
0 L L] L 1 L] L 1 ] ]
a 0 02 0.4 06 08 10

b %052 oz 06 o8 10
—_— )
c, %%
T 04f
p A 2 —
¢ 0 02 04 06 08 10
J——7))

Fig. 4. a) Modulation transfer of phase structure (differentiated
image) for (curve I) a specimen that is exactly in focus and
imaged by an ideal lens and (curve II) one imaged by a leas
with a spherical aberration Cs of 1.59 nm and with the optimum
defocusing for that aberration (d = —54 mm). The ratio C, of
the difference signal from the detector and the average signal are
plotted against the phase deviation w of the object transmission
(assumed sinusoidal). b) As before, but for an amplitude structure
(undifferentiated image). The modulation transfer Ca is defined
here as the depth of modulation of the detected signal divided
by that of the absolute value of the transmission of a specimen
with a sinusoidal amplitude structure. ¢) In the presence of
spherical aberration and defocusing the phase image (difference
signal) contains unwanted information in the form of a weak,
differentiated amplitude image (curve II). In an ideal system the
contribution from this source is zero (curve ).
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noise is proportional to the square root of the total area
of the detector. For phase objects, therefore, the con-
trast transfer is defined as the ratio of the difference
signal divided by the mean summation signal to the
phase deviation of the sinusoidal object transmission.
To calculate the modulation transfer we obviously have
to know the ratio of the sum of the interference areas
to the total area. For spatial frequencies that are so

L Cs = 1.59 mm
Cq I d=— 12nm
08k II. d=— 54nm
’ Il d =—122 nm
0.4F
m I I
0 1} 1 (] ] 1
a 0 02 0.4 06 08 1.0
D —— w

Fig. 5. Modulation transfer, with the same lens used as in fig. 4
(Cs = 1.59 mm), of phase structure (a), amplitude structures (b)
and ‘differentiated amplitude structures’ (c), for three values of
the defocusing d. C has the same sign over a large range of
d values, which is by no means the case for the formation of
phase contrast with a TEM using coherent illumination. The best
situation is found for d = —54 nm (curves IT).

MODULATION TRANSFER WITH STEM 7

low that the interference regions overlap, the area of
overlap does not count for the imaging of phase struc-
tures. This restriction does not apply to the imaging of
amplitude structures.

The - modulation transfer can be calculated in
elementary terms and is shown in fig. 4a (curve I) for
phase structures. The spatial-frequency vector is as-
sumed perpendicular to the line separating the detector
halves. The modulation transfer for amplitude struc-
tures is shown in fig. 4b (curve I).

If the spatial-frequency vector is rotated from the
x-direction to the y-direction, the modulation transfer
for phase structures decreases to zero, an effect that also
occurs with lateral illumination of a relief. For a com-
plete analogy the transfer would have to be propor-
tional to the cosine of the angle between the spatial-
frequency vector and the x-axis. Although this is not
quite true in fact, the deviations are not significant.

For amplitude structures the modulation transfer is
of course independent of the orientation of the object.

Spherical aberration and defocusing

It was assumed above that the lens was perfect and
the object was in focus. In practice, however, both
spherical aberration and defocusing are encountered,
the first because some :spherical aberration has to be
admitted to obtain the maximum resolution, and the
second because actual specimens are not always thin.
We shall now consider the consequences of this for
modulation transfer.

Let us call the coefficient of the third-order spherical
aberration Cs and the defocusing d — the object lies
a distance d inside the lens focus (‘under-focusing’).
The effect of Cs and d can be expressed by adding a
phase factor to A(X,Y), as follows:

AX)Y) = Ao exp iW(X,)Y) =

-l {27+ £

where R2 = X2 - Y2, The effect of this phase factor
is that the phase difference between the undeflected
beam and the deflected beams is no longer constant in
the interference areas. For the left-hand area the phase
difference is

AMW(X,Y) =

(23)

WX + QUkY) — W(X,Y), (24)
and for the right-hand area it is
AWX,Y) = AW(=X,Y). (25)

Introduction of this phase difference has the result that
in expressions (18), (19) and (22), the modulation terms

12] H. Rose, Optik 39, 416, 1974.
H. Rose, Optik 42, 217, 1975, partlcularly pp. 239 and 240.
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A fast automatic equalizer for data links

F. de Jager and M. Christiaens

The increasing use of computers has led to a rapidly growing need for links for data
transmission. This is particularly necessary when the facilities of a centrally located
computer are required at several different locations. The obvious communication link
here is the existing telephone system. However, this is not directly suitable for the trans-
mission of data signals, especially at high bit rates. One of the measures then necessary
is equalization, in which the circuits in use should adapt themselves, preferably auto-
matically, to the characteristics of the transmission path. In this article the authors
describe the principles of a circuit that offers significant advantages over the ones con-

ventionally applied.

Introduction

When telephone circuits are used for the transmis-
sion of data signals, the difficulty arises that they do not
completely meet the necessary requirements for a data-
transmission system. Telephone circuits are designed
for the transmission of speech, and the bandwidth of a
telephone channel is therefore limited to the range of
frequencies that will give adequate intelligibility: 300
to 3400 Hz. The spectrum of a data signal, however,
usually contains a d.c. component, and a.c. com-
ponents below 300 Hz and above 3400 Hz. The d.c.
and low-frequency components are particularly im-
portant and must not be suppressed.

The transmission characteristics required for data
transmission are also different from those required for
telephony. The amplitude characteristic of a telephone
circuit should ideally be flat, but appreciable deviation
is permissible. The group-delay characteristic is subject
to hardly any limitations at all; because filters are used
this is always strongly curved, particularly at the edges
of the transmitted band; see fig. I. In speech trans-
mission this is unimportant, since the ear reacts mainly
to the spectral distribution of the acoustic energy. In
data transmission, however, the shape of the received
signals is of primary importance, and since sloping or
curved amplitude and group-delay -characteristics
change the shape of a signal, it is important that these
two characteristics should be as flat as possible for a
data link.

Ir F. de Jager is with Philips Research Laboratories, Eindhoven;
Ir M. Christiaens is with MBLE, Brussels.

As well as the non-ideal shape of the characteristics,
there is another factor that increases the distortion of
the signals. This is the use of carrier systems on trunk
telephone circuits. In these systems there is usually a
small frequency difference between the carrier signal
modulated at the transmitting end and the carrier
signal used for demodulation at the receiving end. This
results in a small frequency shift (0-10 Hz) for all
components in the spectrum of the signal. Again, this
does not degrade speech quality. Data signals, how-
ever, undergo unacceptable distortion because this
shift upsets the harmonic relation between the com-
ponents.

Transmission of the data signals is possible if a d.c.
component and the required a.c. components are
allowed to modulate a special carrier at the transmitter.

3ms}|

T

bl

00 1 2

—_— f

3kHz

Fig. 1. Typical group-delay characteristic for a telephone chan-
nel. T group delay, ffrequency.
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The frequency of this carrier is chosen in such a way
that the components of the data signal fall in the fre-
quency band available for telephony. The original
signal is recovered at the receiver by demodulation.
A piece of data-transmission equipment for the trans-
inission and reception of signals is called a ‘modem’,
because it contains both a modulator and a demod-
ulator, '

The ‘data carrier’, together with the signal, must be
sent from the transmitter to the receiver, or must be
recovered from the signal at the receiver. Now if a
frequency shift of the spectrum arises in the transmis-
sion path, this same shift also applies for the data car-
rier. After demodulation with this carrier the compo-
nents of the signal reappear at the correct frequencies.

However, the undesired effects of sloping or curved
amplitude and group-delay characteristics still remain.
The correction of the distortion thus introduced is
known as ‘equalization’. Before looking at this in more
detail we shall give a general picture of the require-
ments that a transmission circuit of limited bandwidth
must meet for data transmission.
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Fig. 2. a) Rectangular waveform used in the transmission of data
signals. At certain times established by a clock signal the bit
value (1’ or ‘0°) is determined by the polarity. b) Waveform that
can be obtained after passing the signal through a lowpass filter.
The small circles indicate the sampling times.
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Fig. 3. Amplitude characteristic (a) and group-delay character-
istic (b) that are both flat up to a cut-off frequency fo.
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Fig. 4. Response r(¢) for a short pulse received via a transmission
path with characteristics like those of fig. 3. Oscillatory ‘tails’ are
produced, with zeros at times occurring at integer multiples of T'
before and after the maximum; T = 1/(2fq).

Transmission of binary signals in a limited bandwidth

The bits that form the information to be transmitted
are usually indicated as 1 and 0. They are transmitted
by means of pulses, which can be used in various ways
to indicate the bit values [11. Pulses of opposite polar-
ities are mostly used, e.g. with a positive pulse for the
bit value 1 and a negative pulse for the bit value 0. If
the duration of each pulse is equal to the bit period,
then the signal has a rectangular waveform ( fig. 2a).
Since the transmission path has a limited bandwidth, a
lowpass filter is generally included at the transmitter, so
that the transmitted waveform becomes rather like that
of fig. 25 [2), This signal-is sampled at the receiver at
fixed times established by a clock signal, so that the
polarity, and hence the bit value, is determined. It must
therefore be possible to recover the polarity of the
received signal reliably at the sampling times. This
condition can be satisfied, even with limited bandwidth,
provided the characteristics meet certain requirements,
which we shall now examine more closely.

We consider first the simple case in which a very
short pulse is transmitted. The spectrum of such a pulse
occupies a wide band of frequencies and in transmis-
sion over a circuit of limited bandwidth the signal is
distorted, even if the amplitude and group-delay char-
acteristics are flat in the transmitted part of the band.
If the characteristics are flat up to the cut-off frequency
Jo (fig. 3), the original short pulse is received as a signal
which is given as a function of time by [3]

r(t) = sin Qufot)/Qrfot). (1)

This response is shown in fig. 4. It can be seen that
there are ‘tails’ before and after the pulse. The zeros of

[11  See for example W. R. Bennett and J. R. Davey, Data trans-
mission, McGraw-Hill, New York 1965.

[2]1 The transmission path is taken to include not only the cables
and any microwave links between transmitter and receiver,
but also all the other circuits that the signal passes through
in transmitter and receiver, such as filters, modulators and
demodulators, and hence the lowpass filter in the transmitter
referred to in fig. 25.

(3] See R. W. Lucky, J. Salz and E. J. Weldon Jr, Principles of
data communication, McGraw-Hill, New York 1968.
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the signal occur at times that fall an integer multiple of
T before and after the maximum, where T = 1/(2/0).

If a train of short pulses is transmitted, then there is
overlapping of the received signals, so that the height
of the maximum of the response can be affected by the
previous and succeeding pulses. The sampling of this
signal can give rise to incorrect bits. If, however, the
pulse rate is 2o, and the pulse period therefore 7, then
the maximum of each pulse response coincides with
the zeros of the other pulse responses at the receiver.
The maxima of the received pulses do not then affect
one another and on sampling at the correct times the
bits have the correct value.

If the characteristics are not flat, the response differs
from the shape shown in fig. 4. It could perhaps have
the shape shown in fig. 5. The zeros do not appear at
equal intervals, and it is therefore not possible to
choose the frequency of a series of transmitted pulses
in such a way that the maxima are not affected [4]. The
probability of receiving incorrect bits is of course
further increased by interfering signals, such as noise.
Imperfections in the characteristics of a transmission
path therefore increase the sensitivity to interference.

A flat group-delay characteristic can be produced in
practice, but a flat amplitude characteristic that stops
at a particular frequency cannot. H. Nyquist (51
showed however that satisfactory performance can be
obtained with an amplitude characteristic that has
skew symmetry about the half-value points at the
boundary of the passband at the nominal cut-off fre-
quency fo (see fig. 6). While this ‘Nyquist’ shape does
not give a short-pulse response corresponding to the
relation (1), the zeros do appear at equal time intervals
of 1/(2f0). A flat group-delay characteristic is again
necessary in this case.

In the above discussion it has been assumed that the
transmitted signal consisted of short pulses. The spec-
trum of such a pulse is flat, and this is one of the reasons
why the zero crossings in the response of each pulse
appear at equal intervals in time. Frequently, however,
pulses are used whose duration is not small compared
with the pulse-repetition period. The signal spectrum is
then not flat and if a transmission path with a char-
acteristic like that of fig. 6 is used, the desired regular
spacing of the zero crossings is not achieved. Zero
crossings at equal time intervals can however be pro-
duced if the signal is passed through a filter that com-
pensates the deviation. between the actual and the
desired spectrum.

The spectrum of a rectangular pulse of duration T
is given by the shape of the function

sin (nfTo)/(?ZfTo).

If the pulse duration is equal to the pulse period

Philips tech. Rev. 37, No. 1
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Fig. 5. Example of the response r(f) of a short pulse received via a
transmission path whose amplitude and group-delay character-
istics are not flat. The zeros are not now equally spaced in time.

Fig. 6. Amplitude characteristic that is skew symmetrical about
the nominal cut-off frequency (‘Nyquist cut-off’). A amplitude,
f frequency, fo nominal cut-off frequency, fi limiting frequency.
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_ Fig. 7. Amplitude characteristic of a filter that will give a flat

spectrum from a rectangular pulse of length T (fig. 4).
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Fig. 8. Amplitude characteristic of a transmission path on which
a rectangular voltage waveform can be transmitted without the
received pulses affecting one another at the sampling times. The
sampling rate must be equal to twice the nominal cut-off fre-

quency fo.
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iﬁg. 2a), then Ty = T = 1/(2/o). The spectrum is there-
fore given by the function

sin (7f]2/0)/ (/]2 /o).

To produce a flat spectrum the signal must pass
through a filter whose amplitude characteristic is the
reciprocal of this function; see fig. 7. Only the part of
this characteristic below the limiting frequency f3 is of
importance, of course.

If a signal like that of fig. 2a is used with the filter
characteristic of fig. 7 and a transmission path with the

DeITD2

Fig. 9. Circuit for a transmission system with orthogonal mod-
ulation. Modi and Mods> modulators in which the input signals x
and y modulate two carriers at the same frequency but differing
in phase by 90°. Carr carrier-signal generators. Dent and Dems
demodulators.

—— Cod
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Modulation methods

In many data-transmission- systems a bit rate of
2400 bits/s is used. This requires a nominal bandwidth
of 1200 Hz. Such a signal could be put on to a telephone
channel by amplitude modulation of a carrier at say
1800 Hz. Since there would then be two sidebands, a
frequency band from 600 to 3000 Hz would be neces-
sary. Because of the curvature of the amplitude and
group-delay characteristics, however, the signals would
then be distorted to such an extent that in many cases
reliable data transmission could not be guaranteed.

A better utilization of the available frequency band
can be obtained with a modulation method in which
two independent streams of information are carried on
a single transmission channel. The principle used,
known as ‘orthogonal modulation’, is shown in fig. 9.
It offers the possibility of transmitting more than one
bit per sampling, so that the sampling rate, and hence
the béndwidth, can be reduced. Two balanced mod-
ulators are used, supplied by carriers at the same fre-
quency, but 90° out of phase. These carriers are mod-
ulated independently by two signals, denoted by x
and y. If now the demodulation at the receiver makes
use of two carrier signals, each in phase with one of

Fig. 10. Circuit for transmission of data signals in a system for orthogonal modulation. Cod
coder that gives particular values of the signals x and y for 2, 3 or 4 bits. LP lowpass filters.
Dec decoder for recovering the bits from the magnitude of x"and y'.

characteristic of fig. 6, then even though the response
of each pulse has tails the received pulses do not affect
one another at the sampling times. It is however neces-
sary for the bit frequency to be correctly matched to
the bandwidth; our starting point in the foregoing was
that the nominal bandwidth f; was equal to half the bit
rate. The specified bandwidth of a telephone channel
thus sets a limit to the bit rate.

A filter with the characteristic of fig. 7 does not have
to be added to the transmission path as a separate
element. The filter can also be considered as a part of
this path, for which the total transmission characteristic
must then have the form given by multiplying the
ordinates of fig. 6 and fig. 7. A transmission char-
acteristic of the form thus obtained is shown in fig. 8.

the transmitter carriers, then the demodulators yield
the transmitted signals x* and y’ independently of each
other. If for example two bits are to be transmitted per
sampling, the signal to be transmitted is applied to a
coding circuit ( fig. 10), which sets the values of x and y
to 1 or —1 for each two bits. Since four combina-
tions are possible the four bit combinations 0-0, 0-1,
1-0 and 1-1 can be coded in this way. At each change of
sign for x or y a phase change is produced in the
balanced modulator for the corresponding carrier sig-

141 See H. C. van den Elzen, On the theory and the calculation of
worst-case eye openings in data-transmission systems, Philips
Res. Repts. 30, 385-435, 1975.

I8 H. Nyquist, Certain topics in telegraph transmission theory,

A.LE.E. Trans. 47, 617-644, 1928. The frequency fo = 1/Q27T)
is called the Nyquist rate or the Nyquist frequency.
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nals. Since the signals x and y are passed through low-
pass filters, these phase changes take place gradually;
but at the sampling times they amount in effect to a
change in polarity. The total transmitted signal now
has a constant amplitude at the sampling times and can
appear in four different phases differing by 90° ( fig. 11).
This modulation method is consequently also known
as four-phase shift keying, or 4 PSK.

If the phase angles in the received signal are to be
detected with certainty, the received components x’'
and y' should have the values 41 or —1 as accurately
as possible at the sampling times. This means that the
channels x — x’ and y— )’ should both satisfy the
Nyquist criterion, which can be achieved with an ap-
propriate choice for the transmission characteristics of
the lowpass filters in transmitter and receiver. At a bit
rate of 2400 bits/s a sampling rate of 1200 Hz is neces-
sary. The nominal bandwidth of the filters is thus
600 Hz. Since two sidebands are produced again in the
modulation, a bandwidth of 1200 Hz is necessary for
the transmission path. A data signal such as this can
be sent over a standard telephone channel without the
curvature in the characteristics giving rise to error bits
on reception.

Nowadays, however, there is an increasing demand
for transmission channels for higher bit rates, since
with the aid of a multiplier system it is then possible
for the same link circuit to serve a number of users.
A higher bit rate may also be:necessary when the data
received from a data link is to be presented on a visual
display. Various systems therefore operate at a bit rate
of 4800 bits/s. Orthogonal modulation is again used
here, but now with three bits transmitted at each sam-
pling. The coding circuit is then arranged so that the
signal is transmitted with a constant amplitude but in
eight different phases, differing by 45°. A picture of the
end-points of the appropriate vectors, known as the
‘signal constellation’, is shown in fig. 12. Each of these
points corresponds to one of the eight possible com-
binations of three bits.

The need for an even higher bit rate has led to the
development of systems for a rate of 9600 bits/s. In this
case a combination of phase and amplitude modulation
is used. Both output terminals of the coding circuit now
deliver a quaternary signal, i.e. one that can have four
values. In this case the values are 43, +1, —1 and —3
(fig. 13). The signal constellation for the transmitted
signal is shown in fig. 14. The 16 different combinations
of four bits can be coded in this way.

The signal constellation represented in fig. 14 illus-
trates only one of the many possible ways of coding the
bits. With a circuit like that of fig. 10 it is also possible
to modulate the two carriers in such a way that a dif-
ferent arrangement of these points is obtained. An
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Fig. 11. Vector diagram of a signal with orthogonal modulation,
obtained with a circuit like that of fig. 10. C1 and C: are the two
carriers. With this system two bits can be transmitted at each
sampling.

Fig. 12. Signal constellation that can transmit three bits per
sampling. The signal can occur in eight different phase states at
the sampling times.

—_—f

-0 1-1  0-0 0-1

Fig. 13. Quaternary signal with the four discrete values +3, -1,
—1 and —3.
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Fig. 14. Signal constellation that can transmit four bits per
sampling. This signal'is produced by quaternary amplitude mod-
ulation of the two carriers in the circuit of fig. 10.
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delay line consists of a number of sections, each with a
delay time equal to the sampling period T. The signals
at the beginning and at the end of the line, and also
those between the sections, are multiplied by coef-
ficients ¢1 ... cny and applied to an adder Ad. The
output signal z from this circuit is the equalized signal.
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group-delay characteristics must be matched to various
transmission paths for the signals. This would not be
possible with filters consisting of inductors, capacitors
and resistors. : ’

In the application of the principle we have described
a series of pulses must be available that is exactly like

Del
X
Sa T T - T
Cn
()
A4 b
1
I i
@ Ad V4
(=)
(e - |st
j,/
cc Q Skp
?9
a

Fig. 16. Schematic circuit of an automatic equalizer that operates in the time domain. When
the switch S is in position ¢ the circuit operates as a preset equalizer. When switch S is in
position p the circuit becomes an adaptive equalizer. Del delay line, consisting of a number of
sections of delay time T equal to the sampling period. Sa sampling circuit. Ad adder.c1...cn
transmission coefficients. DA differential amplifier. CC control circuit. x input signal. z output

signal. @ comparison signal. € error signal.

The signal z and the comparison signal a are applied
to the inputs of the differential amplifier DA, which
provides the error signal e. (The switch S is in the posi-
tion ¢.) This error signal is applied to the control circuit
CC, which changes the coefficients ¢1 . . . ¢y in accord-
ance with one of several specially developed algorithms.
Since the output signal is affected by the signals at all
the taps, a direct determination of the desired mag-
nitude for each of the coefficients is not possible. The
procedure is therefore .carried out with a series of test
pulses, and the correct setting is obtained by an itera-
tive method. The coefficients finally receive the values
for which the error signal & has the minimum value.
The equalizer is then set so that the combined char-
acteristics of transmission path and equalizer satisfy
the Nyquist criterion. The values of the coefficients
¢1 ... cy thus obtained are now fixed and the informa-
. tion can be transmitted.

After the equalizer has been set up the circuit forms a
‘transversal’ filter (8], Filters of this type can often be
used to meet specifications that are almost or com-
pletely impossible to satisfy with conventional filters.
In the case in question both the amplitude and the

-the series of test pulses originating from the trans-
mitter. These comparison pulses can be generated
separately in the receiver, but it is also possible to
derive the comparison signal from the output signal of
the equalizer. A circuit of this type is formed when the
switch S in fig. 16 is set to position p. The signal then
passes through a ‘slicer’ S/, which limits both positive
and negative pulses. If the equalizer is not yet set up
correctly, the pulses that form the signal z have dif-
ferent heights. The pulses in the output signal of the
slicer, however, do all have the same height. This signal
is therefore approximately equal to the desired signal
and can be used as a comparison signal. This circuit
operates not only while the test pulses are being
received, but also while the information is being trans-
mitted. The unit therefore forms an adaptive equalizer.

A feature of the equalizers that we have looked at so
far is that the criterion for the control of the circuit is
derived from the time function of the signal. These
equalizers are therefore said to work in the time domain.
Since the output signal from the equalizer is the con-
trolling time function, these circuits in fact make use of
a form of feedback. Because of the éver-present danger
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of instability in feedback circuits it is only possible to
use small steps in the iterative procedure for establish-
ing the coefficients ¢; . .. cy. This means that a long
series of test pulses (perhaps 1000) may be necessary to
reach the stable final state.

It can happen that-a transmission path is so poor
that the non-equalized signal has the wrong polarity at
some of the sampling times. This can appreciably
lengthen the setting-up time, particularly in the case of
an adaptive equalizer, and depending on the algorithm
for the control circuit, it may happen that the stable

F AC
F3 PG AC;
x |77 |
|Ad }—»2z
| |
-~ oo
| |
| o
Fiy PhGy ACy l

Fig. 17. Schematic circuit of an equalizer operating in the fre-
quency domain. Fy ... Fas filters. PhCs . . . PhCps phase-correct-
ing circuits. AC1 ... ACy amplitude-correcting circuits.” Ad
adder. x input signal. z output signal.

setting is not reached at all. For this reason circuits are
used that initially operate with locally generated com-
parison pulses; once the setting-up procedure has gone
far enough for the error signal ¢ to be sufficiently small,
the system is switched to the adaptive mode of opera-
tion.

An equalizer operating in the frequency domain

We shall now describe an equalizer developed at our
laboratories that does not have the disadvantage just
mentioned. The criterion for setting up is not derived
from the time function here, but from the spectrum of
the test signal; operation is in the frequency domain.
The principle used depends on the fact that a periodic
signal has a line spectrum with a finite number of com-
ponents in a limited bandwidth. If the change in am-
plitude and phase arising in the transmission path is
determined for each of these components, then these
changes can be compensated and the transmitted signal
can be recreated from the sum of the corrected com-
ponents. By applying this process to a test signal con-.
sisting of a series of periodically repeated pulses, the
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data link is equalized for this test signal. In this case,
provided a particular condition is satisfied, equaliza-
tion has then also been established for the data signals
to be transmitted.

This principle could be put into practice with a cir-
cuit corresponding to the block diagram of fig. 17. The
received test signal is applied to a number of filters
F1 ... Fp, which each pass one of the components of
the spectrum. A phase-correcting network PhC and an
amplitude-correcting network AC are provided for each
component [#, The way in which these circuits are set
up automatically will be described later. After passing
through the networks PAC and AC the components are
recombined in the adder Ad.

Since there is no feedback in the application of this
principle, there is no danger of instability and no need
for an iterative procedure in setting up. This means
that setting up is much faster than for equalizers operat-
ing in the time domain.

The test signal

As will be shown later, the setting up can be per-
formed with a single test pulse. However, to explain
the operation we shall at first take the signal to consist
of a series of short pulses with a pulse period NT,
where T is again the sampling time and N an integer.
The spectrum of the signal contains a d.c. component
and a number of harmonic components at regular fre-
quency intervals of f1, where

Jf1 = l/(NT).

If we assume that the transmission path limits the
bandwidth to the ‘Nyquist rate’ fo = 1/(2T), the highest
frequency in the spectrum is g/NT, with g = (N — 1)/2.
(We confine ourselves here to the simple case in which
Nis odd.) The relation for the transmitted test signal is
then:
9
f6) =E{} + Y, cos @ukfir)}. @
k=1

If we make use of the following relations (which can be
derived from the summation of a geometric series):

q sin a(g + %)
jkt —_ 27 @ *7
L e sin (¢/2)

k=—gq

€)

and we substitute

o = 2nfit = 2nt/NT,

(8] See for example H. E. Kallmann, Transversal filters, Proc.
I.R.E. 28, 302-310, 1940. An explanation of the operation of
such filters has also been given by P. J. van Gerwen in the
article ‘The use of digital circuits in data transmission’,
Philips tech. Rev. 30, 71-81, 1969.

91 The d.c. component, which is passed by the filter F;, is of
course only corrected-in magnitude.
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then we can also write (2) in the form:

sin (zt/T)

JO =3 N

)
This function has zeros at integer multiples of 7,
except at multiples of the pulse period NT of the test
pulses.

If as a result of the characteristics of the transmission
path the spectrum components of the test signal under-
go changes in phase and amplitude, then a signal is
received of the form

x(t) = E{{ao + i ax cos 2nkfit + ¢x)}.  (5)
k=1

The ‘task’ of the equalizer is now to bring the phase
angles ¢ back to zero and to make the coefficients az
equal to 1, so that the shape of x(¢) will correspond to
that of f(¢).

The filters

The performance required of the filters F is very

different from that usually required of filters for other
applications. Generally a filter should pass all signals
in a particular band of frequencies and suppress all
signals outside that band as much as possible. In the
case considered here, however, each filter must pass
one of the components from the line spectrum of the
test signal and suppress the other components. Since
this line spectrum only has components at integer
multiples of the repetition rate of the pulses, the filters
must have transmission characteristics with zeros at
regular intervals along the frequency axis.
. Even though these filters operate at a fixed setting,
unlike those in the equalizers discussed earlier, it is
very difficult to realize them with classical filter cir-
cuits. A solution is again offered here by the transversal
filters. The complete circuit can still remain compara-
tively simple, since a separate delay line is not necessary
for every filter; it is sufficient to have a common delay
line for all the filters. The number of taps is made equal
to N, the ratio introduced earlier of the period of the
test pulses to that of the data pulses. The number of
sections is therefore N — 1. The delay time per section
is again equal to the sampling interval T Since a sharp
cut-off of a particular passband is not necessary, the
value of N can remain relatively small (e.g. 15). How-
ever, the number of sections should be sufficiently
large for the total delay time (N — 1)T for the signal to
be at least equal to the duration of a received pulse with
its tails (the pulse response).

We shall consider first the filter Fy that gives the d.c.
component of the test signal. This can be a transversal
filter, with the voltages at the taps on the delay line
added directly together. Since the transmittance func-
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tion of each section is equal to e~2%/T the transmit-
tance function of the filter thus formed is
N-—1

Hy (f)= 3, o7 —

k=0

q
=e 24T {1 42 )’ cos2umfT}. (6)
m=1
Making use of equation (3) again and substituting
o = 2nfT = 27f/ Nfi, we then have:

_aniper SR )
sin (mfINf))

Since ¢ is equal to (W —1)/2, the first factor of (7)
corresponds to the transmission characteristic of the
part of the delay line between the input and the centre.
The delay time of this part of the filter is independent
of the frequency, so that this term need be considered
no further. The fraction appearing in (7)

() = ).

sin (7f/ Nf1)
is the transmission characteristic of the filter. This is
shown in fig. 18. The curve has zeros at integer values
of flfi, except at integer multiples of Nf/fi. With the
assumption that the nominal cut-off frequency of the
transmission path is equal to the Nyquist rate
Jo =1/Q2T), however, only the d.c. component is
passed.

Ho' (f)=e

)

Holf)
T !
I
N\ FANIRVAN :
N0 (_»\éf N \C

Fig. 18. Transmission characteristic of a transversal filter in
which the delay line has N taps. The number of sections is there-
fore N — 1. The coefficients ¢1 ... cn (see fig. 16) are all equal.
This characteristic is represented by eq. 8. In addition to the d.c.
component this filter passes the harmonic component at the fre-
quency Nfi.

Fig. 19. Some examples of transmission characteristics of trans-
versal filters that each pass one of the harmonic components of
the test signal. The frequencies of the transmitted components
are 2f1, 3f1 and 4f1.
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Fig. 20. Circuit of the transversal filters that split the test signal
into harmonic components. Del delay line. M, and M resistance
networks for the cosine and sine filters. » is the number of the
row and k that of the column of the resistances. ¢, and srx
transmission coefficients of the signals from the taps of the delay
line to the output terminals of the filters. uwo(r) ... ug(t) and
v1(2) . . . vg(2) output signals from the filters. '

Filters that pass one of the harmonic components
and suppress the others (thus including the d.c. com-
ponent) can be derived from the filter for the d.c. com-
ponent by a simple transformation. This depends on the
theorem [10] that the transmission characteristic Ho( /)
of a lowpass filter is shifted to a central frequency f; if
the pulse response appropriate to Ho(f) is multiplied
by cos 2sfrt or sin 2nfyt. In the first case the transmis-
sion function

C(f) =HH(f+ ) + H(f—f} )

is produced, while in the second case the corresponding
function is:

SH(f) =3{Ho(f + /) — H(f—fr)}. (10)

From now on we shall call these filter types ‘cosine
filters’ and ‘sine filters’. Both filters have the same
transmission characteristics; but at the frequency f; the
output voltages of the two types differ in phase by 90°.
Since this phase difference is made use of for the phase
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correction in the equalizer, both a cosine filter and a
sine filter are used for each value of f;. Fig. 19 shows
three examples of these transformed transmission char-
acteristics, for fr = 21, fr = 3f1 and f; = 4/1.

The various filters can be realized by connecting
fixed resistances to the taps on the delay line. A con-
figuration of this type is shown in fig. 20. The resist-
ances belonging to the cosine filters and sine filters are
shown on opposite sides of the delay line. Each row of
resistances, together with the delay line, forms a trans-
versal filter. The number of a row is indicated by r
(going from 0 to g), and the number of a column, and
hence that of a tap on the delay line, is indicated by k
(going from 1 to N). The transmission coefficients from
the taps to the output terminals of the cosine filters are
indicated by c¢;r and those to the output terminals
of the sine filters by sy The factors cos 2zf;t and
sin 2nfyt mentioned above, by which the pulse response
of the d.c. filter must be multiplied to obtain the filters
that pass the harmonic components #f1, are now ob-
tained by substituting f; =r/NT and ¢t =(k—g—1)T.
The resistances must therefore be given values such
that these transmission coefficients satisfy

cr = €08 2mr(k—q— 1IN
and 11
Srx = sin 2ar(k —q — 1)/N.

(Where negative values are necessary for these coef-
ficients, the resistances concerned are connected to the
delay line via inverters.) The total number of trans-
versal filters in the arrangement of fig. 20 is then
2g 4+ 1 = N. This corresponds to the number of taps
on the delay line.

The principle of the equalizer described here depends on the
‘discrete Fourier transform’ (DFT) [111 of the test signal. In the
usual expansion of a periodic function of time as a Fourier series,
this function corresponds at every instant to the sum of a series
of components, a series that in general contains an infinite number
of terms. In DFT this correspondence is only required at a finite
number of instants. A finite number of terms in the series expan-
sion is therefore sufficient. These terms are not found by integra-
ting with respect to time, as in the usual Fourier expansion, but by
summation of a number of discrete values. If it is desired to
expand a function x(¢), periodic in ¢ and of period 1, in a series
that corresponds with the values xx of x(¢) at the times ¢t = k/N
(N is a positive integer), then we can write:

N_
xp = anemnw (12)
n--O
where
N—1
Xp= ) xpe 3mink/N, (13)
k=0

[10] A. Papoulis, The Fourier integral and its applications,
McGraw-Hill, New York:1962.

(111 A.V. Oppenheim and R. W. Schafer, Digital signal process-
ing, Prentice-Hall, Englewood Cliffs 1975.
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The relation between the equations for xx and X, depends on the
fact that the expression

1 N—1
N Z e2rjnr/N

n=0
is equal to 1 for » = mN (m is an integer) and is equal to zero for
all other integer values of r.
The analogy between the equations for the time function xx
and the spectrum X7 is expressed in the case we have considered
by the correspondence between equations (4) and (8).

In the above discussion the starting point was the
application of an analog signal of limited bandwidth to
the input of the transversal filters. It was tacitly as-
sumed that the sampling of the equalized signal took
place at the output of the equalizer. It is however also
possible to sample the signal before it is applied to the
filters, even though the input signal to each transversal
filter then has a wide spectrum and, because of the
periodicity of the passband of such a filter, many of
these components reach the output. This is because a
transversal filter whose output signal is sampled at a
particular instant has the property that the input signal
can also be sampled with a period corresponding to
the delay time per section. In the first case the analog
voltages f(¢), f(t —T), f(t — 2T), etc. at the taps are
first combined to give the voltage

Sl(i) =cft)+ c2ft—T) + ... enf{t—WN—=-1T},

in which ¢t = #; is substituted on sampling. In the
second case the sampled voltages f(t2), f(t2 + T),
f(t2 4 2T), etc. are passed through the delay line, and

Ur(t) o Acr
E
S
1
v.(t)o ' Asr
Esr ;&
S

S,

Fig. 21. Circuit for correcting phase and amplitude of the test
signal. Acr and Asr control amplifiers whose gains are propor-
tional to the control voltages Ecr and Esr. Br control amplifier
with gain inversely proportional to the control voltage D,. The
input signals to the amplifiers are sampled at the time ¢ = 0 with
the switches S. ur(¢) and v(#) output signals from one of the
cosine filters and the corresponding sine filter, respectively (see
fig. 20). y+(¢) and z,(¢) input and output signals of the amplifier By.
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then give rise to the discontinuous voltage

sa(te) = a1 f(te + (N —1T) +
+ caf(te + (N—2)T)...cnf(t2).

The voltages s1(t1) and s2(22) will clearly be equal when
the difference between the sampling times #; and ¢2 is
equal to the total delay time (N — 1)T of the delay line.

Sampling the signal at the input to the equalizer has
the advantage that a much simpler design can be used
for the delay line.

The phase and amplitude correction

The principle of the circuit used for correcting the
phase and amplitude of each component of the spec-
trum of the test signal is shown in fig. 21. The cosine
filter for the component under consideration, which has
a transmission function Cy(f) as given by (9), delivers
the output signal

w(t) = 4NEay cos Qarfit + ¢n), (14

while the output signal from the sine filter with the
transmission function S(f) given by (10) is

v(t) = LNEa, sin Qurfit + ¢r). (15)

The voltages are applied to the two amplifiers of gain
Aer and Agr, proportional to the control voltages Ecr
and Eg;, so that

Acr = /TEcr and Asr = ITEsr,

where / is the constant of proportionality. The control
voltages Ecr and Egy are derived from the input signals
by sampling them at a particular instant with the aid of
the switches S. This instant can be chosen as the time
t = 0 without loss of generality. The control voltages
are then

Eer == u,(0) = 4 NEayr cos ¢
and
Esr = ‘Ur(o) = %NEa,- sin ¢’r.

Since the amplifiers are then set up such that

or = huy(0) and Agsr = hvr(0), (16)

the output voltages are

yer(t) = Kay? cos ¢y cos 2mrfit + ¢r)
and
yer(t) = Kay? sin ¢ sin Qrrfit + ).

The constant K here is equal to AN2E2/4. The two
signals are added together, giving the sum signal

Ye(t) = Aertie(t) + Asrv:(t) = Kar2 cos 2nrfit. (17)

We see that this voltage is independent of the unknown
phase angle ¢,.
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cC Fig. 22. Block diagram of the equalizer, operat-
= A ing in the frequency domain. The control cir-
M. g cr cuit CC, which is set up at time ¢ = 0, contains
¢ s —— = g circuits like those of fig. 21. The output sngnals
- — z¢(¢t) are added in the adder Ad. z(r) is the
I equalized output signal.
x(t) Br
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For amplitude correction the signal y,(¢) is applied
to the amplifier of gain By. The gain of this amplifier
can also be controlled, by the voltage D,, but now in
such a way that the gain is inversely proportional to D;.
We can therefore write:

Br = h’/Dr. (1 8)

The control voltage Dy is again derived from the input
signal by sampling this signal immediately after the
time ¢ = 0. The control voltage then obtained is

Dr = yr(o) =h {urz(o) + '07'2(0)} = Karz, (19)
so that the output voltage of the amplifier becomes
Zr(t) = Bryr(t) = h, CcoS 27tl'f1t. (20)

This voltage is clearly independent of both the unknown
phase angle ¢, and the unknown amblitude ay of the
appropriate component from the spectrum.

We make the constant /i’ the same for all the com-
ponents, except the d.c. component, which is obtained
from the cosine filter for which » = 0. In the latter case
we make the corresponding quantity equal to /i’/2. The
sum of all the corrected components then becomes

z)=hE&+ i cos 2xrfit). 2D

r=1

This equation corresponds to (2) and therefore, in
connection with (4), gives the pulse response of a net-
work that satisfies the Nyquist condition, which is the
intended result for the equalizer. The setting of the
amplifiers is now fixed, which is represented in fig. 21
by capacitances. All subsequently transmitted data
signals are therefore also equalized.

The complete circuit of an equalizer designed in
accordance with the principles described is shown in
Jfig. 22. The resistance networks M. and M, correspond
with those of fig. 20. The control circuit CC contains a
correction circuit like that of fig. 21 for each com-
ponent of the test signal. In the circuit Ad the output
signals from all the B amplifiers are added, giving rise
to the equalized signal z(¢).

In the above description of the operation of the cir-
cuit it was assumed that the analog signal received via
the transmission path was applied to the input of the
delay line. In this case the signal z(¢) given by (21) is
obtained at the output of the equalizer. Sampling this
signal at the correct times gives the values of the bits.
However, a significant advantage can be obtained by
making use of the possibility of sampling the signal
before the delay line, as mentioned earlier. If a circuit
Sa is included that samples the signal periodically at
the frequency 1/T, as indicated in fig. 22, then the
transversal filters give the corresponding discrete values
of ux(t) and v,(t) at periodic times.

The use of a non-periodic test signal

In the above mathematical treatment it was assumed
that the test signal consisted of a series of pulses with
a repetition period of NT. If now the significant re-
sponse time of each pulse is smaller than NT, then all
the information necessary for setting the equalizer is
present at an instant at which the response of the first
pulse has been completely entered into the delay line.
It therefore does not matter whether the test signal is a
periodically recurring pulse or just a single pulse. The
setting time can therefore in principle remain limited
to the time necessary for the delay line to take in the
response of a single pulse.

The effect of components above the Nyquist rate

Another initial assumption was that the received
signal only contained components below the Nyquist
rate fo (see fig. 3). Since a transmission path is used
that has a Nyquist-type characteristic at the cut-off
frequency (fig. 6), components above fp can however be
transmitted. The fact that transversal filters have
periodically repeated passbands (fig. 18) means that
some of the filters pass components that are above fo.
For each of these filters the two transmitted com-
ponents are located symmetrically about the Nyquist
rate. It can be shown from relations that apply to the
discrete Fourier transform that the appropriate correc-
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tion is also achieved with the equalizers we have
described when these two components are both passed
by the same filter.

Digital version

An equalizer as in fig. 22 could be built up from
standard elements. The delay line could be a ‘bucket-
brigade’ line (121, or a charge-coupled device (CCD)I13),
with which a signal can be shifted in steps. Other com-
ponents of the circuit, a sampling circuit, inverters,
control amplifiers and circuits for setting the voltages
are well known from other branches of electronics.

It is however possible, and indeed a much more
attractive idea, to construct the complete equalizer
from digital circuits. The principle of such a design is
shown in fig. 23. The receiver now consists of an
analog-to-digital converter A/D operating at a sam-
pling rate 2fp and a digital processor Pr. The receiver
is controlled by a clock circuit CI that is synchronized
with the data signals. The received signal x(¢) is coded
in the analog-to-digital converter A/D in a binary code,
typically of 8 bits, corresponding to 28 = 256 levels.
The signals xx(¢) at the taps of the delay line (see fig. 20)
can be expressed in terms of the input signal x(¢) by
writing:

xk(t) = x(@t"),

where ¢’ =t — (k — 1)T. These signals can therefore
also be obtained by sampling the input signal with a
period T. The output signals from the filters now follow
from the equations

N
ur(t) = ), crix(t)
k=1

and (22)

N
vy(t) = 2 Srixr(t),

with » =0...¢9. In the digital design the values of
xx(¢) for t = 0 are stored in a register that forms part
of the memory Mem. The constants ¢, and sy (see 11)
are also stored here. The output signals %-(0) and v,(0)
are then calculated in the arithmetic unit Cal from the
above equations. From these quantities, which are also
stored in the memory, the setting of the (now simulated)
amplifiers Aer, Asr and By follows. The appropriate
calculations are performed with the aid of the equa-
tions (16), (18) and (19).

On the subsequent reception of the data signals, the
corrected value of the spectrum components is given,
as can be seen from fig. 21, by the equation

z(t) = A?rB,u,(t) + AgrBrue(2). (23)
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The sum of these components gives the output signal

2t) = 3, (o) 24)

r=0
In calculating u,(¢) and v.(¢) from the equations
given above N2 products would have to be calculated
for each sampling. This procedure can be considerably
simplified, however. After substituting (22) and (23),
the equation (24) takes the form

N
z(t) =Y erxa(t),

k=1

(25)
in which

q
Cy = Z (Achrk + AerrIc)Br-

r=0

(26)

The coefficients ¢, which are again stored in the
memory, only have to be calculated once for the setting
of the equalizer. When these quantities are used, then
only N products have to be calculated at each sampling
on reception of the data signals. The values of ¢ cal-
culated in the way described above and stored corre-
spond completely with the coefficients ¢1 . . . ¢x that
are used in an equalizer operating in the time domain
asin fig. 16.

The digital version offers possibilities that cannot be
obtained, or can only be obtained with difficulty, with
analog circuits. For example, when standard elements
are used it is necessary to limit the number of taps on
the delay line, and hence the value of N. With the
digital version, however, there is no objection to choos-
ing higher values for N, say up to 32. In practice the
pulse-response time can amount to 13 ms. It has been
found that to achieve the desired accuracy the arith-
metic unit requires about 10 ms to determine the coef-
ficients cx. A total time of only 23 ms is thus required
for equalization of the data link.

x(t)

A/ol———l— xk(t) (k=1. N)

l
I
|
ur(0) (r=0...q) |
l
|
|

ve(0)(r=1.q)

Ck

Fig. 23. Digital version of an equalizer operating on the prin-
ciples illustrated in fig. 22. A/D analog-to-digital converter. Pr
processor. Mem memory. Cal arithmetic unit. C/ clock-signal
generator. x(¢) input signal. z(z) output signal. The quantities
stored in the memory are discussed in the text.
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Once the coefficients ¢ have been established, the
computer has a surplus of arithmetic capacity. This
can be used for applying corrections to the values of ¢
during the transmission of the information. The prin-
ciple of adaptive equalization in the time domain, as
described earlier, is then applied (see fig. 16). This also
allows corrections to be made for a not completely
correct setting of the equalizer, which can occur when
an interfering signal is received at the same time as the
test pulse.

XI

jl Eq, |l

| £ |L

Eg,

f Eq | [y
1 2 |-

Fig. 24. Circuit with four equalizers, applied in the receiver sec-
tion of a modem for 9600 bits per second. Eqy is the equalizer for
the x channel, Eg2 the equalizer for the y channel. Egs and Eq4
compensate interaction between the two channels.

y! - y
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should of course both satisfy the Nyquist condition.
This can be achieved in part by the lowpass filters LP1,
LPy" and LPs, LPy', which are included in the signal
path in the transmitter and receiver. Even then the
uncertainty in the characteristics of the transmission
path makes it necessary to use equalization, which
should be separate for each channel. This is still not
sufficient, since errors can also arise when the shape of
the characteristics of the transmission path is such that
there is insufficient separation between the two chan-
nels, so that the signal y’ is affected by the signal x at
the sampling times, and vice versa (4, This ‘crosstalk’
effect can be corrected by including two extra equalizers
in the receiver. The corresponding circuit is shown in
fig. 24. Eq;, and Egs are (identical) equalizers for the x
channel and the y channel; Eqs and Eq4 (also identical)
compensate for the effects of interaction. All the equal-
izers are set up at the same time. The test pulse is trans-
mitted on one of the channels, e.g. the x channel. £q1
is set up with the aid of this. This setting is taken over
by Egs. Egs follows a programme that makes y"’ zero at
all sampling times. Eqq takes over the resulting setting

AR

20ms

20ms

1Ims

|
:
|
}

t

i

R AU

'£ n

t3 ts

Fig. 25. The signal used in setting up the equalizers in the equipment described. From 1 to t2
a 1200-Hz signal is transmitted, together with a d.c. component. In the interval ¢2 to t3 the
test pulse is transmitted. During the subsequent calculation time 3 to #4 a 1200-Hz signal is
transmitted again. At #4 the actual data transmission commences.

Application of digital equalization in a system for data
transmission with 9600 bits per second

We stated at the beginning of this article that the
need for higher bit rates has led to the development of
systems in which more than one bit is transmitted per
sampling. Here the use of digital circuits offers possibil-
ities that are hardly practical with analog circuits. We
should like to illustrate this by describing a transmis-
sion system for 9600 bits/s. A sampling rate of 2400 Hz
is used in this system, so that each sampling contains
information about 4 bits. The nominal bandwidth is
therefore 1200 Hz. The transmission takes place by a
combination of phase and amplitude modulation of the
data carrier, 2 method that was discussed earlier with
reference to fig. 10.

To give reliable transmission of a signal with a mod-
ulation system like that of fig. 10, the x and y channels

of Egs, but gives a compensation voltage of the op-
posite sign.

For the correct operation of a system with orthogonal
modulation as described here, the frequency of the car-
rier signal used in demodulation at the receiving end
must be exactly equal to the frequency of the carrier sig-
nal modulated at tlie transmitter. If there is a small dif-
ference between these frequencies there will be a phase
error in the received signal, associated with a gradual

1121 F. L. J. Sangster, The ‘bucket-brigade delay line’, a shift
register for analogue signals, Philips tech. Rev. 31, 97-110,
1970.

F. L. J. Sangster and K. Teer, Bucket-brigade electronics —
new possibilities for delay, time-axis conversion, and scan-
ning, IEEE J. SC-4, 131-136, 1969.

(131 1., J. M. Esser, Peristaltic charge-coupled devices: what is
special about the peristaltic mechanism, in: P. G. Jespers,
F. van de Wiele and M. H. White (ed.), Solid-state imaging,
Noordhoff, Leiden 1976, pp. 343-425.
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rotation of the diagram of fig. 15. By detecting this
error the frequency of the demodulating carrier can be
corrected. Variations in the clock frequency can be
corrected in a similar way.

The signal pattern applied to one of the channels in
the transmitter to set up the equalization system is
shown in fig. 25. First of all a 1200-Hz signal is trans-
mitted for 20 ms. This modulates a carrier at 1700 Hz
to produce sidebands at the frequencies 500 and
2900 Hz, and since the signal also contains a d.c. term
the carrier is also transmitted. These three signals are
now used for setting the carrier-signal and clock-signal
generators in the receiver to the correct phases.

The test pulse is next transmitted during an ‘interval’,
which also lasts for 20 ms. During the calculation time
of 11 ms, which now follows, a 1200-Hz signal is again
transmitted to ensure that the phase of the clock signal
is correct. The transmission of the data signals then
starts, in which the decoded values of x’ and y’ of the
signal constellation from fig. 15 appear at the output
in groups of four bits. As we said earlier, the correct

Philips tech. Rev. 37, No. 1

phase of the data carrier and of the clock signal can
now be derived from the data signals, and the proces-
sor algorithm is switched over to the slower adaptive
correction to the principle of fig. 16.

Summary. A transmission path for data signals should have
characteristics very different from those for telephony. Never-
theless, the rapidly increasing need for data links has made it
necessary to make extensive use of existing telephone circuits for
data transmission. Since the characteristics of the telephone
circuits can differ very considerably from one another, reliable
transmission of data signals at high bit rates is only possible if a
circuit is used that makes the characteristics of the complete
transmission path conform to the Nyquist criterion for data
transmission, preferably automatically. Many of these equalizers
take the information for setting up from the time function of a
transmitted test signal; they operate in the time domain. Dis-
advantages associated with these equalizers are that the setting-up
time is long and that there is a danger of instability in the circuit.
The article describes an equalizer that operates in the frequency
domain and does not have these disadvantages. Special features
of this type of equalizer are that preset transversal filters are used
and that only a single test pulse is required for the setting up.
The algorithm used is based on the discrete Fourier transform of
the response of this test pulse. An equalizer of this type has been
made with digital circuits. Four of the equalizers have been
combined in a modem for transmitting data signals at a rate of
9600 bits per second.
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Annoyance due to modulation noise and drop-outs in

magnetic sound recording

D.J. H. Admiraal, B. L. Cardozo, G. Domburg and J. J. M. Neelen

It is possible to carry out many kinds of physical measurement with great accuracy on a
product intended for human use and still not obtain a conclusive answer to the question
of the product’s usability. This is because human perception also enters into the picture.
If the investigation is extended to include a representative number of human subjects it
will be discovered, however, that human perception obeys certain laws. These can often
be quantified, as has been done for example in the theory of the chromaticity diagram
and in the international definitions of loudness. More particularly in the context of noise
abatement, a further step has been taken and efforts have been made to express the
concept of annoyance in numerical terms, leading to reproducible results. Something of
the same sort is attempted in the article below, which deals with the annoyance caused
to the listener by two imperfections of magnetic sound recording that are hard to avoid:
modulation noise and the spontaneous occurrence of short interruptions or ‘drop-outs’.
The subject belongs naturally to the range of studies performed by the Institute for

Perception Research (IPO), where the authors carried out the work.

Noise and ‘drop-outs’ in magnetic sound recording

The recording of sound on magnetic tape has reached
a high degree of perfection. An inherent imperfection of
the process, however, is the noise added to the original
audio signal. When the conditions are good the noise
may be barely perceptible, but under less favourable
conditions it is distinctly audible and can sometimes
be annoying. In this article we shall be concerned with
the audibility of one particular type of noise and with
the annoyance it causes.

There are in fact two kinds of noise. In the first place
there is the background noise, which is always present
during playback and is particularly obtrusive in the
absence of a signal or when the signal is weak. Efforts
are made to reduce this noise by improving the quality
of the tapes and also by magnetizing the tape as fully as
possible. One method includes a process of signal com-
pression and expansion (the Dolby system). Another
approach is to attenuate the highest frequencies during
the reproduction of weak signals, since these are the
components of the noise that are most disturbing to
the listener (‘Dynamic Noise Limiter’).

Drs B. L. Cardozo is with the Institute for Perception Research,
Eindhoven; Ing. D. J. H. Admiraal, Ing. G. Domburg and Ir J. J. M.
Neelen were formerly with the Institute. Ing. G. Domburg is now
with the Philips Medical Systems Division, Eindhoven,and Ir J.J. M.
Neelen is with Hollandse Signaalapparaten B.V., Hengelo.

Apart from this noise, which is an independent addi-
tion to the signal and may therefore be called additive
noise, there is also what is termed multiplicative noise.
This only occurs when a signal is recorded on the tape
(i.e. during the ‘modulation’ of the tape); its strength
is proportional to that of the signal. It takes the form
of amplitude modulation of the signal. It is this kind
of noise, called ‘modulation noise’, that will be dealt
with here. Under certain conditions modulation noise
can be annoying, as appears from listening tests that
we have carried out and which will be described below.
Its reduction deserves just as much attention as that of
additive noise.

Another annoying effect that has been the subject of
considerable attention is the effect known as ‘drop-
out’, i.e. short interruptions (really attenuations) of the
signal that occur during the playback of magnetic
tapes. They may be caused by inhomogeneities in the
magnetic layer, or they may be due to dirt, fingerprints,
creases in the tape, etc. This effect is most troublesome
with cassette tapes. For a fraction of a second the signal
almost or completely vanishes. The effect- might be
regarded as a very low-frequency component of mod-
ulation noise, but in an oscillogram of the playback
signal (fig. I) it can be clearly distinguished from the
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ulation depth, or, in the case of the drop-outs, with
the modulation depth and also with the duration of the
interruption.

To indicate the annoyance due to unwanted sound
in terms of a number on a scale, we can take the thresh-
old of audibility as the zero of the scale. We also found
that after some practice the subjects could in fact give
quantitative estimates of annoyance that increased
monotonically with the intensity of the unwanted
sound. We therefore asked the subjects to give their
judgement of the annoyance / due to the modulation
noise in certain passages of music, on the following
scale:

h = 0 no modulation noise audible,
1 modulation noise audible but not annoying,
2 modulation noise annoying,
3 modulation noise very annoying.

}\
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Fig. 2. Frequency spectrum of modulation noise measured on a
tape containing a recording of a sinusoidal tone at 1000 Hz
(solid curve), and curve approximating to it (dashed). P1(f) is the
power density of the noise, i.e. the power in a frequency band
1 Hz wide, given in dB relative to the power of the sinusoidal
tone. f frequency.
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Fig. 3. Threshold curves for the human ear. The lower curve gives
the hearing threshold for sinusoidal tones, and is a plot of the
level L which a sinusoidal tone of frequency f must have to be
only just audible to the average human ear (0 dB corresponds
to a sound-pressure amplitude of 2 X 10-% N/m2). The other curves
show how this threshold curve changes when noise at a level Lp
is present in a narrow band around 1000 Hz. The narrow noise
band has a masking effect here, which is particularly marked at
the higher frequencies. (From E. Zwicker and R. Feldtkeller,
Das Ohr als Nachrichtenempfinger, 2nd edition, S. Hirzel
Verlag, Stuttgart 1967.)
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The subjects were allowed not only to interpolate on this sqale
but also to extrapolate. Extrapolation is important since the
annoyance scale does not have any natural upper limit as it has a
natural lower limit. Fixing an upper limit would face the subject
with a problem: he would be inclined to evaluate the most annoy-
ing stimulus at the highest scale value permitted. Since he does
not know beforehand whether there is an even more annoying
stimulus to come, he will tend to avoid the upper limit.

Modulation noise

A problem in listening tests with modulation noise
is that it is difficult to present the subjects with music
without modulation noise for comparison. This would
require music that had not in any way been recorded.

Logically, we should therefore have had the same
music played live during the listening tests. But this
seemed too drastic a solution in the circumstances. In
any case, we found that it was not absolutely necessary,
since tape recordings of high quality are available (the
‘master tapes’ used in making records) on which the
modulation noise is negligible; indeed, artificial mod-
ulation noise has to be added for the audibility deter-
mination.

In determining the audibility of modulation noise
we also used sinusoidal signals generated directly by
electrical methods. In addition, tape recordings of these
signals were made with very low modulation noise, and
these recordings again confirmed that, provided suf-
ficient precautions are taken in these experiments,
there is no need to avoid the use of recorded music.

Audibility A
In the design of listening tests in which the subjects
are asked to assess the annoyance they experience from
modulation noise, it is important to know where the
limits of audibility lie. We therefore carried out pre-
liminary audibility tests, first using well defined signals
of simple form, including a single sinusoidal tone mod-
ulated by white noise, i.e. noise with a uniform spectral
power density Pi. This noise was limited in frequency
by a lowpass filter with a variable cut-off frequency f5.
The modulated signal then consists of a carrier at the
frequency f; of the sinusoidal tone with two sidebands
extending to fc — fu on one side and to f; 4 fu on the
other.
" The amplitude of these sidebands depends on the
modulation depth. This indicates the ratio of the mod-

[11 Theinclusion of a measurement of this type in aninternationat

standard on which to judge the quality of audio tapes is cur-

rently being studied in the IEC (International Electrotechnical

Commission). .

G. Frens, H. F. Huisman, J. K. Vondeling and K. M. van der

Waarde, Suspension technology, Philips tech. Rev. 36,

264-270, 1976 (No. 9).

(3] E. G. Trendell, The measurement and subjective assessment
of modulation noise in magnetic recording, J. Audio Engng.
Soc. 17, 644-653, 1969.
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ulating-signal amplitude to the amplitude of the carrier.
In the case of our noise band, however, we cannot
simply speak of an amplitude. We therefore put the
. modulation depth at m = 1 when, as in the mod-
ulation by a sinusoidal tone, the total mean power Pn
of the sidebands is half that of the carrier Pe; as an
equation:

m = /2PafPe. )

In practice we prefer to use the signal-to-noise ratio
S/N, i.e. the difference in dB between the level of the
wanted signal and that of the modulation noise:

S/N = —10 logyo (Pu/Pc) dB = —20 logio m - 3 dB.(2)

The larger the value of S/N, the less is the likelihood
that the noise will be audible.

We are interested in the signal-to-noise ratio (S/N)'
at which the modulation noise is only just audible.
This depends on the frequency and amplitude of the
sinusoidal tone and on the highest frequency fn of the
noise. We can determine this audibility limit exper-
imentally with the arrangement shown by the block
diagram in fig. 4, where a subject hears the signal
through the headphones and can adjust the level of the
noise to his audibility threshold. The mean result ob-
tained in this experiment by a number of subjects with
a sinusoidal signal at 1000 Hz is indicated by the meas-
ured points in fig. 5. We see that as the bandwidth of
the noise increases, the noise level has to decrease very
rapidly if the modulation noise is to remain inaudible.

An explanation for this, and for the clearly defined
plateau at 1000 Hz, can be found from the threshold
curves in fig. 3. We consider the threshold curve for a
signal level of 80 dB and show it in fig. 6 on a linear
frequency scale, since this simplifies the representation
of the sinusoidal tone with the two sidebands of equal
width.

Depending on the bandwidth f, of the modulating
noise, there are four different cases.

A. The noise sidebands remain within the ‘critical
bandwidth’® B.. The human ear can integrate the
incident acoustic energy within such a critical frequency
band into a single total impression. In our case the
noise will not then be distinguishable from the sin-
usoidal tone, but will be heard, if the noise level is
high enough, as a distinct fluctuation in the amplitude
of the sinusoidal tone. The critical band for our
experimental tone of frequency f. = 1000 Hz is about
3 fe wide; the noise bandwidth in this case is thus given
by fan < 11—2 fe =~ 80 Hz. It appears from the measure-
ments (fig. 5) that the audibility threshold here lies at
a signal-to-noise ratio (S/N)’ /s 20 dB. It follows from
equation (2) that this corresponds to a modulation
index of m = 0.14. The definition we have taken for
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the modulation index for noise signals implies that at
m = 1 the standard deviation ¢ of the noise isequal to
1/y/2 times the amplitude a of the carrier. If m = 0.14,
then ¢ = 0.144/)/2 = 0.1a. This means that theampli-
tude fluctuates between 0.92 and 1.1a for 689 of the
time, a variation of + 0.8 dB. It is known that these are
in fact fluctuations in level that are only just audible.

B. The noise exceeds the critical bandwidth, but has
not yet reached the frequency fi, where there is a mini-
mum in the masked hearing threshold. We see in fig. 6
that the ‘left shoulder’ of the noise spectrum, i.e.
the frequencies around f; —fn, will now be audible
first. Because of the steep left-hand side of the masking
curve, the audibility threshold falls rapidly with rising
Ju (the steeply falling part of the curve in fig. 5).

C. The noise extends beyond fi. The modulation
noise is audible at fj, irrespective of where the lower
limit of the noise lies between 0 Hz and fi Hz. This
explains the plateau in fig. 5.

NG Aty Att, M
G " / /
kT ~ dB )

7 7

G

Fig. 4. Experimental arrangement for determining the audibility
threshold of modulation noise, when the signal consists of a
single sinusoidal tone. The noise, from a noise generator NG, is
limited in bandwidth by a lowpass filter to a frequency fu before
being passed through two variable attenuators A#¢; and Atte. In
the modulator M a sinusoidal tone from a sine-wave generator
is modulated by this noise; the subject hears the output signal
through headphones. The subject adjusts the attenuator Att2 to
alevel at which he can only just hear the modulation noise. There
is a risk that in doing so he will be unconsciously influenced by
the setting for a previous experiment; the experimenter therefore
always sets the attenuator At to a different position between the
individual experiments. :
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Fig. 5. Audibility threshold of modulation noise for a sinusoidal
tone at 1000 Hz. The signal-to-noise ratio (S/N)" at which the
noise is only just audible is plotted as a function of the bandwidth
/n of the noise modulating the sinusoidal tone. The tone has a
sound-pressure level of 80 dB.
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D. If the bandwidth of the noise is greater than
1000 Hz, then ‘the lower sideband is reflected against
0 Hz'. This implies that the energy content of the lower
part (up to fn — 1000 Hz) is doubled, so that the level
rises by 3 dB. In fig. 6 this is shown for fn = 1500 Hz,
and the doubled sideband thus extends beyond fi.
Because of this the threshold has still fallen by 3 dB;
the modulation noise is audible at fi as it was before.

On the right-hand side of the masking curve the
hearing threshold has a second minimum, whose fre-
quency we call f2. For the masking curve relating to a
signal level of 80 dB, both minima are at about the
same level (fig. 3). For the 60-dB curve, however, the
second minimum is about 10 dB lower. If the noise
band at a signal level of 60 dB is made so wide that the
upper sideband reaches this minimum, then modula-
tion noise at a level about 10 dB lower becomes
audible, and we would then have to distinguish a fifth
and subsequent cases.

80dB;
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Fig. 6. The threshold curve for Ln = 80 dB from fig. 3, displayed
on a linear frequency scale. The figure includes the frequency
spectrum of a sinusoidal tone at 1000 Hz modulated in amplitude
by noise in the band 0 to fu Hz, for different values of fn (cases 4,
B, C, D). In each case the level is shown at which the modulation
noise is only just audible. B, critical bandwidth at 1000 Hz. fi
frequency of the left-hand minimum of the threshold curve.
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Fig. 7. Power density P1’(f) at which the noise sidebands of a
sinusoidal tone at 1000 Hz are only just audible; the sinusoidal
tone is amplitude-modulated by white noise in a frequency band
0 — fn. The curve was derived from the masked hearing threshold
for a sinusoidal tone at a level of 80 dB (fig. 3). The measurement
points are from fig. 5. The dashed curve gives the frequency spec-
trum of modulation noise of a level that can only just be heard. -
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We shall confine ourselves here, however, to the one
case of a sinusoidal tone of 80 dB. From the foregoing
we candeduce the power density Py’ (the power per Hz
of bandwidth) that the noise sidebands should have as
a function of the cut-off frequency fn for the noise to be
raised to the audibility threshold. This is shown in fig. 7.
In this figure we have repeated the measurement points
from fig. 5, but now the power density of the noise is
plotted instead of the signal-to-noise ratio. In both
cases the power of the 1000-Hz sinusoidal tone is the
reference (0 dB), but since the power in 1 Hz of the
noise band is very small, the ratios to this reference,
and hence the difference in decibels, are much greater.
It can be seen that the calculated threshold levels
are in reasonable agreement with the measurements.

From fig. 7 we can also read off the maximum per-
missible level of the modulation noise occurring in
practice around a sinusoidal tone of 1000 Hz if the
noise is to remain inaudible. For this purpose we can
draw in fig. 7 the approximating spectrum from fig. 2.
As soon as the modulation-noise spectrum goes above
the dashed curve, the modulation noise becomes aud-
ible, first of all at frequencies around f;.

Annoyance

Annoyance may be said to be experienced when the
modulation noise occurs with a signal having a mean-
ingful content, and that is usually not a sinusoidal tone
but music. Here, however, the audibility of the noise is
different from that in the experiments described above;
the noise is now less easily perceived. This is because
its occurrence is unpredictable, owing to the continual ]
changes of volume and frequency in music. What is
more, music never consists of a single sinusoidal tone
but always contains more than one frequency and often
very many frequencies, so that the noise may be masked
over a large part of the hearing spectrum.

It follows from this that recordings of a solo instru-
ment will be more vulnerable than those of an orches-
tra. Looking for the most vulnerable situation in which
to carry out the annoyance determinations, we com-
pared twelve solo instruments with each other: violin,
cello and double-bass; piccolo, flute, oboe, clarinet and
bassoon; trumpet, horn, trombone and tuba. A pas-
sage played by each instrument, lasting 25 seconds,
was recorded a number of times, modulated by noise
at different levels. The subjects were asked to make an
assessment in terms of the A-scale described above. The
most vulnerable instrument proved to be the flute,
followed by the piccolo, oboe and horn. The double-
bass, cello, tuba and bassoon were relatively unaf-
fected. This confirms that modulation noise is heard
most easily in music with a single (high) fundamental
tone and with a small number of higher harmonics.
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The somewhat breathy character of the flute did not
apparently lessen the audibility of the modulation
noise, particularly in its third octave. /

We also tried to find the most sensitive listening
conditions. These were to listen through headphones
to a stereophonic signal. The annoyance determina-
tions were carried out under these conditions, in-
coherent noise being presented in the left-hand and
right-hand channels as it would be in actual listening
to stereophonic recordings.

After these preparations we were ready to begin with
the annoyance determination proper. This was done
in a listening experiment on a somewhat larger scale.
Eighteen subjects took part, including eight audio
technicians who were professionally responsible for
the quality control of sound recordings.

These subjects were .presented with 12 identical
fragments of music each lasting 20 seconds and
recorded in random order with six different signal-to-
noise ratios; each signal-to-noise ratio was thus
presented twice. The modulation noise approx-
imated the actual frequency spectrum, as described
earlier (fig. 2): flat up to 35 Hz, and decreasing by 6 dB
per octave above this frequency. The subjects assigned
an /-value to each fragment.

The series of 12 fragments belonged to different
categories: orchestral (Handel, Water Music), piano
(Schumann, First Sonata) and a passage from a flute
solo (Debussy, Le Syrinx). In addition to these frag-
ments the subjects were also occasionally presented
with a sinusoidal tone of 1000 Hz (also lasting
20 seconds), again recorded on magnetic tape. This
was done to enable us to deduce the influence of the
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Fig. 8. The annoyance value /1 of modulation noise at different
signal-to-noise ratios S/N for different categories of music and for
a sinusoidal tone at 1000 Hz. O orchestra. P piano. F flute. Sin
sinusoidal tone. The results are mean values for eighteen subjects.
The fact that the mean values are not at # = 0 (modulation noise
inaudible) even in the absence of deliberately applied modulation
noise, must be attributable to the tendency of subjects to avoid
extreme values of the /-scale.
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use of magnetic recordings from a comparison with the
experiments using a directly generated sinusoidal tone.
All the fragments were presented at a volume such that
the loudest passages were 70 dB above the threshold of
audibility. .

The means of the assessments made by the eighteen
subjects are presented in fig. 8. The results confirm that
flute music is the most sensitive of all to modulation
noise. For flute music the modulation noise is percep-
tible as soon as the signal-to-noise ratio goes below
about 40 dB. We know (see fig. 6) that the modulation
noise then becomes audible in a frequency band near
500 Hz, and is thus clearly distinguishable from the
music.

With orchestral music, on the other hand, the mod-
ulation noise does not become audible until the signal-
to-noise ratio is less than about 20 dB. Here only the
very low-frequency components of the noise are not
masked by the signal and these are heard as an audible
amplitude modulation of the music. With increasing
modulation depth this is soon experienced as very
annoying: curve O in fig. 8 rises steeply.

With the sinusoidal tone the modulation noise be-
comes audible when the signal-to-modulation-noise
ratio is less than about 45 dB. The experiments de-
scribed above can be compared with experiments using
a 1000-Hz sinusoidal tone that had not been recorded
on tape by referring to the dashed curve in fig. 7; this
gives the spectral power density of modulation noise
with the spectrum used here, which is only just audible
with a 1000-Hz sinusoidal tone at 80 dB. In this case,
a recalculation gives a signal-to-noise ratio of 42.5 dB.
The figure of about 45 dB found with a sinusoidal tone
on tape agrees sufficiently well with this to make it

- reasonable to assume that the modulation noise in-

herent in this tape recording did not play any signif-
icant role.

Drop-outs’

As we saw earlier, the short interruptions (drop-
outs) that may occur during the playback of a magnet-
ic tape can be attributed not only to inhomogeneities
in the tape but also to dirt, creases in the tape, etc.
Nevertheleés, there are considerable differences on this
point between various types of tape, and a low number
of drop-outs is regarded as an indication of tape
quality [4],

The drop-outs vary in duration from a few milli-
seconds to more than 100 milliseconds; the short drop-
outs, however, are much more numerous than the long
ones. The attenuation D is generally lower in the short
drop-outs, since the level seldom changes at a rate
faster than 1 dB/ms.
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Fig. 9. The depth D which drop-outs of duration T must have to
be only just audible. Curve N relates to ‘white’ noise, curve
Largo to slow, sustained music and curve Stac to staccato music.
Mean values for two subjects for regular repetition of the effect
at a frequency of 2 Hz. ’

Drop-outs of this kind are difficult to avoid entirely.
In sound recording it is sufficient if they cause no
significant perceptual disturbance. It is therefore
important to examine the conditions under which they
are audible — depending also on the programme on
the tape — and, going a step further, to consider how
much annoyance they cause when they are audible.
This annoyance can then be a measure of the quality of
the tape in this respect. The answer to these questions
can again only be obtained from listening experiments
in which the questions are put to the subjects.

To determine audibility and annoyance, it is desir--

able to have drop-outs whose parameters can be varied.
A special instrument was therefore built for the listen-
ing experiments; this instrument permits attenuations
of variable duration and depth to be inserted in a
signal. The fall and rise times of the signal can also be
varied.

Audibility

The effect we are considering may be regarded as
amplitude modulation of short duration. This means
that sidebands will appear for a short time in the fre-
quency spectrum. These sidebands are most likely to
be heard when the acoustic signal itself is a narrow-
band signal. When a sinusoidal tone drops out and
recovers sufficiently quickly clicks can in fact be heard
which are louder the steeper the transition.

In reality we rarely encounter pure sinusoidal tones,
so that clicks are not heard. For an initial exploratory
audibility experiment we therefore chose a signal con-
sisting of ‘white’ noise; even when the transitions are
steep, no clicks are heard.

This initial experiment was carried out with two
subjects, who heard the noise signal through head-
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phones. At a rate of twice per second the signals were
then interrupted for periods of 4, 8, 16, 32 and 64 milli-
seconds; the subjects were asked to adjust the depth of
the attenuations to a level at which they were only just
audible. The settings chosen by the two subjects showed
good agreement; the mean results are given as curve N
in fig. 9. Attenuations lasting 4 ms are found to be
inaudible in white noise, however deep; longer attenua-
tions, on the other hand are found to be audible when
their depth is only 1 dB.

To make the experiments more realistic, we repeated
them using music. Since the nature of the music was

- likely to have some influence, two contrasting pieces

were chosen: one was a slow and solemn piece (Han-
del’s ‘Largo’ arranged for string orchestra) and the
other was a dynamic and staccato piece (Schubert’s
Marche Militaire No. 1 played by a symphony orches-
tra). The results are also given in fig. 9. As might be
expected, the interruptions in staccato miusic are not so
readily audible as in sustained music.

It may in any case be concluded from these audibility
experiments that interruptions shorter than 10 ms are
in practice inaudible. When interpreting the results it
should also be borne in mind that the perceptibility of
the drop-outs is virtually at a maximum, because of the
periodic repetition used and because the subject can
adjust the threshold himself. In practice the drop-outs
occur at unpredictable moments and the attenuations
must therefore be deeper for them to be audible. We
shall return to this point presently. The limits of

-audibility thus found provide indications as to how

long and how deep the drop-outs have to be in listening
experiments designed to determine their annoyance
value.

Annoyance

The subject’s assessment of the annoyance caused by
drop-outs will naturally depend to a great extent on
how interested he is, on the nature of the music and on
the listening conditions. We have already mentioned
that the effect is more annoying in slow and sustained
music than in fast, staccato music; the interruptions are
also more noticeable in recordings with a great deal of
reverberation than in those with little reverberation,

‘and more noticeable with solo instruments than in

orchestral playing. More annoyance is experienced
with single-track recordings than with stereophonic
two-track recordings, where the two tracks are not -
usually affected simultaneously. The drop-outs are
more clearly perceptible when listening through head-
phones than when listening to loudspeakers; sound

41 W. van Keuren, An examination of drop-outs occurring in
the magnetic recording and reproduction process, J. Audio
Engng. Soc. 18, 2-19, 1970. .
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reflections in the room then appear to have some
smoothing effect. '

To avoid having to differentiate the results to allow
for all these conditions, we concentrated the exper-
iments on the worst case: sustained music with much
reverberation, heard through headphones. Very suit-
able pieces were an organ solo (M. E. Bossi, Théme et
variations, Op. 115) and a violin solo (J. S. Bach,
Sonata No. 1 in G, BWV 1001).

To allow more weight to be attached to the annoy-

ance evaluations a larger number of subjects was
selected : fourteen, including six audio technicians. In
assessing a number of fragments of music they were
asked to express their opinion in a numerical value on
the A-scale referred to above.
. The annoyance of the short drop-outs depends partly
on whether they occur in isolation or in groups. In the
listening experiments the two cases were kept distinct.
First of all, fragments of music 20 seconds long were
played in which one drop-out occurred with a length
of 10, 30, 128 or 474 ms and a depth of 4, 8 or 16 dB
(the combination of 10 ms and 4 dB was omitted). The
annoyance values were averaged over all the subjects
and over all the pieces of music and the result is shown
in fig. 10. The scatter in the values that were averaged
was such that 95 % fell within a region of 0.2 to 0.5 units.
In this figure, curves for # = 0, 1, 2, 3 have been inter-
polated between the measured values.

The hA-scale is seen to have been fully used by the
subjects, and there was even some extrapolation
beyond 4 = 3. The annoyance experienced from a
drop-out longer than 100 ms is apparently not very
dependent on the duration, and this dependence is
greatest when the attenuation is very high.

Fig. 10 also shows the audibility threshold for slow
and sustained music, as represented by the Largo curve
in fig. 9. As can be seen, this does not coincide with the
curve A = 0 but lies about 1.5 dB above it. The dif-
ference can be explained from the fact that the signal
did not drop out at fixed times during the annoyance
experiments, but unexpectedly, and furthermore the
subjects could not adjust the magnitude of the attenua-
tion to the audibility threshold. The curve A =0 is
therefore more realistic than the Largo curve.

The effect of repetition on the.annoyance experienced
was investigated by introducing the drop-outs in the
same piece of music not once but twice, four times or
eight times; in this case the drop-out duration was
always 31 ms and the attenuation 8 dB. The annoy-
ance then appears to increase almost linearly with the
number of drop-outs per fragment (fig. 11), at least as
long as the drop-outs do not follow one another too
rapidly. If the interval between them becomes less
than 1 s, this causes additional annoyance (fig. 12).
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The DAMA annoyance meter

For comparing different tape samples the manu-
facturer cannot of course keep on recruiting subjects to
take part in listening experiments. The DAMA annoy-
ance meter was therefore designed (‘Drop-out Annoy-
ance Measuring Apparatus’). A photograph is shown
in fig. 13. This instrument detects short interruptions
during the playback of the tape, and on the basis of
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Fig. 10. Lines of equal annoyance rating /1, drawn in a field of
annoyance evaluations of drop-outs of duration T and depth D.
The experiments were made with fragments of music lasting 20 s,
each containing one drop-out. The A-values at the measured
points are the mean assessments for 14 subjects. The Largo curve
from fig. 9 is repeated here.
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Fig. 11. The annoyance rating i (mean for 14 subjects) plotted
against the number of drop-outs N contained in one fragment of
music lasting 20 s. Each additional drop-out ifncreases the
annoyance rating / by about 4.
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Fig. 12. When the time 7 between two drop-outs is shorter than
about one second, the annoyance caused is greater than that
corresponding to the curve in fig. 11. If the A-values there are
reduced to N= 1, i.e. if they are reduced by 4 (N — 1), the result
is i ~ 13. If the interval 7 is taken into consideration, however,
this A-value only applies when 7 > 1 second.
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The microwave generation and manipulation
of magnetic domains

Cylindrical magnetic domains (‘bubbles’) can be
generated in a thin magnetic film of substituted yttrium
iron garnet, epitaxially grown on a non-magnetic sub-
strate [, These domains are stable between certain
values of an external magnetic field, and considerable
interest has been shown in them because of possible
applications in information storage. Since their volume

have found that the strong sp{n precession that can be
generated in this way can be used to create domains; it
can also be made visible. The forces exerted on the
domains by the spin precession also result in special
movements or ordering of the domains; we should like
to point out the possible uses of this property in bubble
technology or in optics.

Fig. 1. Precession of the spins in a bubble domain B, at the maximum of the r.f. magnetic
field from slotline waveguides, located underneath the magnetic film MF (schematic). The
waveguides include an input slotline S/ and a double slotline DSI (coplanar waveguide) in a
thin metallic layer MetF; Hj static magnetic field.

is very small — only a few microns in height and
diameter — they can give a high information density.

If an r.f. magnetic field is applied in the plane of the
magnetic film, to which the bias field is perpendicular,
the electron spins in the film start to precess. The
amplitude of the precession reaches a maximum when
the frequency of the r.f. field coincides with: the preces-
sion frequency, which is usually the case at lower micro-
wave frequencies. This ferrimagnetic resonance is used
nowadays for measuring material parameters, such as
anisotropy constants and saturation magnetization. In
these tests a uniform spin precession is set up in the
film.

More complicated effects are observed if spin preces-
sion is generated locally in regions of the size of a
bubble domain. In our experiments we have used
special waveguide configurations for this (2] [31, We

"The experimental arrangement; bubble generation

To illustrate the arrangement a magnetic film con-
taining a bubble domain is represented schematically
in fig. 1. The bias field is indicated by Hp. The spin
precession inside the bubble is excited by the field from
the waveguides underneath the magnetic film. These
consist of a double slotline (coplanar waveguide) and
an input slotline with a width of 3 pm, which are etched
in a thin layer of metal; where the two meet they are
short-circuited. Between the short-circuits in these
transmission lines the high-frequency currents are

11 See W. F. Druyvesteyn, F. A. Kuijpers, A. G. H. Verhulst and
C. H. M. Witmer, Single-mask bubble memory with rotating-
field control, Philips tech. Rev. 36, 149-159, 1976 (No. 6).

(21 H. Détsch and H. J. Schmitt, Interaction of microwaves with
ring domains in magnetic garnet films, Appl. Phys. Letters 24,
442-444, 1974. ’

31 H. Détsch, Stability and dynamics of microwave generated
ring domains, AIP Conf. Proc. 29, 78-83, 1976.
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Read-out of a magnetic tape by the magnetoresistancé effect

W. J. van Gestel, F. W. Gorter and K. E. Kuijk

The discovery of anew physical effect or a new property of a material is often completely
unrelated to its technical exploitation. A clear example of this is the magnetoresistance
effect, which can occur in alloys that are ferromagnetic. In this effect the magnitude of
the electrical resistivity depends on the angle between the direction of the current and the
Sferromagnetic magnetization. It was discovered in both nickel and iron in 1857, but it is
only in the last few years that there has been any recognition of its significance in mag-

netic recording.

Introduction

Although it has already been known for more than
100 years [11, there has been an increasing interest in
the technical exploitation of the magnetoresistance
effect. Thin-film technology has advanced so far that
it is now worthwhile to investigate whether the effect
could be used for measuring magnetic fields, in partic-
ular for information read-out [21, Here we should not
only think of information recorded on magnetic tape
— although this is the principal subject of this article —
but also information stored in a magnetic-bubble
memory.

The basic concept can be more clearly explained with
the aid of fig. I. Information is stored on a magnetic
tape in the form of a magnetization that varies both in
direction and in magnitude as a function of position on
the tape. This produces an external magnetic field,
whose strength varies with position. If the tape now
moves in relation to the reading head, which is a strip
of a ferromagnetic alloy mounted vertically, the varia-
tion of the magnetic-field component Hy (perpendic-
ular to the plane of the tape) causes the direction of the
magnetization in the reading head to vary. The moving
tape therefore f)roduces indirectly a variation in the
electrical resistivity, which can be readily observed.

It will also be clear that the magnetoresistance effect
can also be used for the measurement of constant
magnetic fields.

Since it has to be extremely thin, the strip is mounted
on a substrate — we shall return to this point later.

Ir W. J. van Gestel and Dr F. W. Gorter are with Philips Research
Laboratories, Eindhoven; Ir K. E. Kuijk, formerly with Philips
Research Laboratories, is now teaching at the Hogere Technische
School, Eindhoven.

Because a high resistance to wear is required, both
sides of the device are coated with a layer of wear-
resistant material; see fig. 2.

Instead of a vertically mounted strip it would also be
possible to use a strip mounted parallel to the tape, but
although this is an interesting arrangement the problem
of wear is almost insurmountable. It cannot be solved
by allowing the tape to run along the substrate because
the distance between the tape and the strip then be-
comes too great.

The most important advantage of reading out mag-
netic information by means of variations in magneto-
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Fig. 1. Principle of operation of a reading head based on the mag-
netoresistance effect. Above the tape T, with track Tr, there'is a
strip of a ferromagnetic alloy, whose resistance is continuously
measured with the aid of a measuring current I. Variations in the
component Hy of the magnetic field from the travelling tape
change the direction of the magnetization of the strip, and this
produces a change in its resistance. A magnetoresistive head
therefore records Hy as a function of time, whereas a conven-
tional reading head records the time derivitive of H.
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resistance lies in the possibility of making the reading
head very small without reducing the sensitivity to an
unacceptably low value. This is of interest if a magnetic
tape with more than one track has to be read out, or if
the presence of magnetic bubbles at a particular loca-
tion in magnetic-bubble material has to be determined
by means of a reading head. _

The performance of a magnetoresistive head (MRH)
optimized for the particular application can certainly
compete, in terms of sensitivity, noise, crosstalk, and
whether it can be included in a tape recorder, with the
conventional reading head, which is based on the
observation of the change of the magnetic flux in a
high-permeability ferromagnetic yoke. With the con-
ventional inductive method the reading and writing
functions can often be combined in one head, which is
of course an advantage. On the other hand it is not so
easy to miniaturize the inductive reading head as itisa
strip like the one in fig. 2, and this must be taken into
account when a multiple head has to be designed. For
example, a decrease in the number of turns that meas-
ure the variation of the flux density in the yoke causes
a proportional reduction in sensitivity. This demon-
strates an important difference between the two
methods of read-out. In fig. 1 the y-component of the
field of the magnetic tape is measured directly; how-
ever, with an inductive head, it is not the field (or the
associated flux density) that is measured, but the rate
at which the field varies. It is self-evident that at low
frequencies (low tape speeds) the inductive method only
produces a weak signal.

In the following section we first analyse the response
of a magnetoresistive head to a variation in Hy. Then

Fig. 2. In a reading head based on the magnetoresistance effect
the ferromagnetic strip and its supply leads are mounted on a
substrate Sub. In practice the thickness of the strip is 0.02 to
0.3 pm, its width is of the order of 10 ym and its length is equal
to the width of the track (between 20 pm and a few mm). The
substrate and strip are placed between two plates of wear-resistant
material Q. The surface of the head next to the tape is made
slightly rounded. .
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we consider the problem of the linearization of the
response function, with emphasis on a method that has
been discovered and investigated at our labor-
atories (31, In the remaining sections of the article we
look at the frequency characteristic, the noise behav-
iour and the technology of our-experimental MRHs,
and also the possibility of using the head for certain
special applications.

The electrical resistance of an MRH in a homogeneous
magnetic field ’

The electrical resistivity in an ordinary metal can
also be a function of the angle between the direction of
the current and that of the magnetization. The special
feature of ferromagnetic metals is that the effect can be
relatively large at room temperatures and also occurs
in polycrystalline material. The angular dependence can
be represented by

e = ol + B cos? 0), )]

where g is the resistivity, 6 the angle between current J
and magnetization M and go and 8 are constants of the

.material. The extreme values for the resistivity are

found for = 0° and 6 = 90°; the resistivity is lowest
at 6 = 90°. Obviously, the alloy chosen for the ferro-
magnetic strip should have the highest possible value
for f. In addition, it should be easy to rotate the
magnetization in a magnetic field of the order of
8000 A/m (about 100 Oe) as produced by the magnetic
tape. Alloys with a high permeability, a small coercive
force and a relatively large f that are suitable for this
application include NiggFeyy or NiggCogp [41. At low
temperatures f can lie between 0.1 and 0.2; at room
temperature § is much smaller. For most of the strips
we have used this effect amounts to only a few per cent.

We shall now analyse the relationship between the
resistivity and Hy, the field to be measured. It will be
apparent that the dimensions of the MRH, i.e. the
length /, thickness ¢ and width w, play an important
role in this relationship; see fig. 3. Starting with a strip
mounted vertically we assume that the strip is in a
homogeneous magnetic field. (In practice Hy decreases
with distance from the tape.)

If Hy is equal to zero, the magnetization will lie
preferentially in the longitudinal direction, that is to

(11 'W. Thomson, Phil. Mag. (4) 15, 469, 1858.

21 A comprehensive analysis of the possibilities has been given
by R. P. Hunt, IEEE Trans. MAG-7, 150, 1971. An initial
report of the work carried out at our Laboratories will be
found in F. W. Gorter, J. A. L. Potgiesser and D. L. A.
Tjaden, IEEE Trans. MAG-10, 899, 1974.

31 K. E. Kuijk, W. J. van Gestel and F. W. Gorter, IEEE Trans.
MAG-11, 1215, 1975.

4] A. R. Miedema and J. W. F. Dorleijn, Philips tech. Rev. 35,
29, 1975.
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say along the z-axis. This is related to the demagnet-
ization energy tuoNMs2 (N is the demagnetization
factor, uoMs the saturation magnetization), which is a
measure of the energy of the magnetic field produced
externally by a magnetized body. The larger the cross-
section of the body in the direction of magnetization,
the smaller the energy. When the direction of magnet-
ization is rotated from z to y, the demagnetization
energy changes in accordance with the relation

«  E=3(Ny— NzuoMs?sin2 0. (2a)

In the case t K w « I, N, can be neglected and Ny
approaches #/w. Also, in the presence of Hy the energy
contains a term

Eg = -—,uoHyMs sin 6. (Zb)

The resultant § can be found by minimizing the sum of
(2a) and (2b), and differentiating with respect to 6 we
find:

uoMs cos 0 {Hy — (t/w)Ms sin 0} = 0. ?3

If we now set (¢/w)Ms = Hy (an r.m.s. field), then we
see that as long as Hy << Hj the solution is given by
sin § = Hy/Ho, while for larger values of Hy, we have
cos 8 = 0 and hence # = 90°. Using the result from
relation (1) that there is a quadratic relationship be-
tween the change in resistivity and sin 8, we find:

AR/(AR)ma,x = 1 —_ (Ii‘y/.kro)2 fOl‘ Hy << HO
and @
AR/(AR)max = 0 fOI' Hy > HO.

This response function is shown in fig. 4 (curve I).
A reading head with a response function such as
curve I of fig. 4 could not of course be used in practice
as a linear transducer; for low fields (Hy < Ho) the
change in resistivity is almost zero and for high fields
the response is independent of Hy. In practice the
response function is somewhat flatter. This is related to
the assumption, in the above derivation of the direction
of orientation of M, that M has the same direction
over the complete strip; this is not the case. In fact, it
is only possible to speak of a demagnetization factor N
and a corresponding demagnetization field for magnet-
ized bodies in the form of an.ellipsoid of revolution.
In practice, if the shape deviates from an ellipsoid then
N has a kind of mean value, but the demagnetization
field will no longer have the same direction and
magnitude everywhere. Moreover, local inhomoge-
neities and anisotropic fields can be introduced during
the fabrication of the strip. The results of numerical
calculations for the case of an inhomogeneous demag-
netization field [5] have been shown as curve 2 in fig. 4.
Even though the situation is thus better than curve I
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would suggest, a good practical reading head can only
be obtained when special precautions are taken. These
will be discussed in the following section.

Dimensions of the strip

A direct conclusion about the preferred dimensions
of the strip can be drawn from the above calculations.
The reading head is sensitive to field-strengths approx-
imately equal to Ho and hence to (¢/w)Ms. Since uoMs
has a magnitude of about 1 W/m2 and w cannot be
chosen greater than about 10 um — otherwise the
field from the tape would not extend beyond the strip
— ¢t follows directly from Hp. For a field Hp of
10% A/m we obtain ¢ = 0.1 pm,

Limits can also be defined for the thickness of the
strip. The thickness should not be made less than about

Fig. 3. The definition of the coordinate system x,y,z and the
length /, width w and thickness ¢, as used in the description.of the
magnetoresistance effect. Hy, is the field to be measured. M is the
magnetization of the strip, I the measuring current; 6 is the angle

between these two vectors.
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- Fig.4. Calculated response curves for a magnetoresistive head;

the relative change in resistance AR/A Rmax is plotted against Hy,
normalized to the demagnetization field Ho (see eq. 4). Curve 1
refers to the case of an ellipsoidal reading head, in which the
demagnetizing field is homogeneous. Curve 2 is based on assump-
tions that correspond more closely with reality. The relationship
between the variables is approximately linear in the region around
the point of inflexion in the curve; at the associated field-strength
(Hy/Ho =~ 0.9), 0 is about 45°,
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For tapes containing CrOz and metal powder the
field emergent from the tape should be taken to be
rather stronger. In situations where the head is not in
contact with the tape, the field should be taken as
weaker.

By making Ho very small, a very large sensitivity can be ob-
tained and very weak fields (such as the Earth’s magnetic field)
can be measured provided that they are not superimposed on
another stronger field. At very small values of Hp the anisotropy
field Hx of the strip is not negligible (it is about 102 A/m) and the
sensitivity is no longer proportional to Ho2 (eq. 4).

Finally, there is the measuring current to be con-
sidered. This is limited by warming-up effects and
possibly by diffusion due to electromigration (atoms
being ‘pulled along’ by the current-carrying electrons).
With a strip of dimensions 0.3 X 10 wm, a current of up
to about 100 mA is possible in practice (current density
3x101° A/m2; in strips that have been protected
against corrosion a value of about 101! A/m? can be ob-
tained [6]). The maximum output voltage is then about
3 mV, which is much more than can be obtained from
a conventional inductive head at this track width and
at low tape speeds (0.03 mV).

Frequency characteristic

The dynamic behaviour is no less important than the
static behaviour that we have been discussing so far.
By dynamic behaviour we mean the way in which the
response function depends on the frequency of the
signals from the tape.

The rate at which the magnetization in the strip (and
hence its resistance) can follow changes in Hy is very
great and has very little effect on the frequency char-
acteristic; this is determined by spatial factors. It is

Odg_"‘"“7—""7‘
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Fig. 10. The calculated wavelength characteristic (log-log scale)
for conventional magnetoresistive heads (fig. 1) for different
widths w. It has been assumed that the amplitude of the field-
strength at the surface of the tape is always the same. The
sensitivities at the long wavelengths have been adjusted to be
equal. The corresponding frequencies are plotted along the upper
scale for a tape speed of 4.75 cm/s. The frequency at which the
curve begins to fall off increases as w becomes smaller. The
dashed line indicates the characteristic for an ideal inductive
reading head.
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therefore better in the first instance to look at the
wavelength characteristic.

For sinusoidally magnetized tapes, there is an
exponential decrease in Hy in the y-direction, which
depends on A. Sine-wave signals recorded on the tape at
equal amplitudes but different frequencies give spatial
distributions of Hy that differ not only in the x-direc-
tion but also in the y-direction. This can be expressed
by the equation

Hy(x,y) = H,, e=2"/* sin Qnx/2), ®)

where Hgyr is the amplitude of the field at the surface of
the tape (y = 0). If we assume that the change in
resistance is proportional to the mean value H, of the
external field over the strip, we can derive the wave-
length characteristic as follows:
1 atw
I—j-’/ = [ I‘{sur
v

e—2""dy =

gy L—emn 2mafd
= Hgur 27'6W/ﬂ.. € . (9)
Here a is the distance from the lower side of the strip
to the tape. The exponential decrease in H, with y
imposes a clear upper limit to the value of a.

Theoretical wavelength characteristics for strips with
different values of width w are shown in fig. 10. It can
be seen that the wavelength at which the curve begins
to fall depends on w. This follows obviously from
equation (9), since the mean field-strength over the
strip increases as w becomes smaller.

Measured characteristics are shown in fig. 11. In
principle, the decrease in sensitivity as a function of
decreasing wavelength might be expected to be a
disadvantage in read-out with an inductive head. In
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Fig. 11. The measured characteristic for a conventionai MRH
(®) and a barber pole of the same width (X ) compared with that
of an inductive reading head with a gap of 0.7 um (the curve).
The sensitivities have been equalized at the longer wavelengths.
(In practice, the sensitivity at a tape speed of 4.75 cm/s of an
MRH with an auxiliary field is about 30 dB higher and that of a
barber pole is about 27 dB higher.) :

[61 R, I. Potter, IEEE Trans. MAG-10, 502, 1974.
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practice, however, the sensitivity of an MRH is so
much larger, even at measuring currents much less
than 100 mA, that the effect is not all that important in
comparison. Moreover, the characteristic of an MRH
of the type shown in fig. 1 has no zero points like those
that occur with an inductive head.

Noise

When a magnetic tape is.read in a reading head there
are four different sources of noise: the amplifier, the
head itself, the tape and the mechanical contact be-
tween the head and the tape. In designing a reading
head every attempt is made to make the noise contrib-
utions from the amplifier, head and the tape-head
contact so small that the total noise is determined
principally by the tape. The MRH can almost always
meet these requirements because of its superior sen-
sitivity. This is not the case with the inductive head,
however, if it is used with a low-noise tape, a very
narrow track, a low tape speed or if the head has a
‘small number of turns. In addition it should be borne
in mind that some contributions to the noise (such as
the amplifier noise) are constant, whereas others
depend on factors such as the gain or the measuring
current, so that they cannot be compared directly.

The amplifier noise is not very important — good
modern amplifiers have an equivalent noise resistance

of less than 100 ohms. This contribution is much "

less important for an MRH than for an inductive
head, because the output signal of the MRH is much
larger.

The tape noise is a consequence of the fact that the
tape is not a continuous magnetic medium, but
consists of a ‘suspension’ of magnetic particles in a
polymeric carrier. The tape noise should therefore be
considered as a given quantity, in the same way as the
signal to be read.

The head noise is mainly resistance noise arising from
the ohmic resistance of the MRH. Barkhausen noise
is also present sometimes, especially when the strip
contains more than one magnetic domain; this form of
noise can easily be avoided by using a longitudinal
auxiliary field of several hundred A/m. In the barber-
pole head this field is already present for other reasons.

It might be thought that-an MRH with a higher
resistance would produce more head noise. This is
indeed true in an absolute sense, but not relatively.
Resistance noise is proportional to the square root of
the resistance. The measured signal, however, is
derived from the relative change in the resistance, and
is therefore proportional to R, so that the signal-to-
noise ratio increases as R increases.

An important additional contribution is the ‘tem-
perature noise’ [7], The resistance of the MRH does not
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only change because of the effect of a magnetic field, it
also changes because of variations in temperature.
These variations can be relatively large: 0.259%; per °C.
Because of irregularities in the surface roughness of
the tape there are variations in the heat generated at
the contact surface between the MRH and the moving
tape, and there are also variations in the dissipation of
the heat produced by the measuring current in the
MRH. These effects can lead to temperature varia-
tions that affect the resistance significantly. It is there-
fore necessary to ensure that there is good heat dissi-
pation. We use a wafer of silicon as the substrate. This
material gives a good compromise between the dif-
ferent requirements demanded of the substrate: it is
wear-resistant, a good conductor of heat, non-magnetic
and a poor conductor of electricity. Temperature noise
mainly contains components at low frequencies.

Finally, we should say something about the meas-
uring current. Since the amplifier noise and the resist-
ance noise are independent of the measuring current
and since the shot noise is negligible, it seems desirable
to make the measuring current as high as possible.
However, this increases the temperature difference be-
tween the head and its surroundings, and hence the
temperature noise. An MRH is so sensitive, however,
that even with relatively insensitive heads (z &~ 0.3 pm)
and a track width of 200 pum, it is possible to use a
measuring current of much less than 100 mA without
the other noise contributions exceeding the tape noise.
The noise performance of an MRH is better than that
of an inductive reading head, particularly at narrow
track widths and at low tape speeds.

Technology ; special designs

The manufacture of a magnetoresistive head places
no very high demands on technology. For thin NiFe
films we use compositions such as NiggFe;; and for
films thicker than 0.1 um we use NigoFezp because of
its low magnetostriction. The alloy is applied to the
substrate by evaporation, with the use of a thin film of
Ti as an adhesion layer, or by sputtering, when an
adhesion layer is unnecessary. During the subsequent
treatment the temperature should remain below about
400 °C, principally because the magnetoresistance
effect would otherwise become weaker (B becomes
smaller). The barber-pole design has in fact few com-
plications. The oblique stripes are obtained by sput-
tering a ‘sandwich’ of molybdenum (adhesive layer,
0.1 wm), gold (conductor, 1 wm) and a second adhesion
layer, typically of molybdenum. The exact shape can
be obtained by the use of well known photoresist-and-
etching methods. In the light of present-day semi-
conductor technology, no great difficulties are encoun-
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A small analog memory based on ferroelectric hysteresis

A. Petersen, P. Schnabel, H. Schweppe and R. Wernicke

Efforts have long been made to find means of utilizing the polarization of ferroelectric
materials for information storage in memories, in a method analogous to the use of the
magnetization of ferromagnetic materials. The ferroelectrics previously available,
however, had such high coercive field-strengths that it was not possible to make memory
cells with acceptably low write voltages. Recent developments have provided ferro-
electric ceramics that have much lower coercive field-strengths, so that write voltages
compatible with transistor circuits are now feasible. With an bppropriate composition,
these materials can be given a square hysteresis loop, enabling them to be used for the
storage of both digital and analog data. The memory can be designed to receive the
required write voltages from an integrated circuit.

Introduction

It may be useful to provide modern electronic equip-
ment with a small memory device for storing control
data and similar information. For such purposes the
memory should be ‘non-volatile’, i.e. the information
must remain stored without any external input of ener-
gy. Memories of this type can be used to store data for
selecting radio or television channels, data for the
adjustment of brightness, contrast and colour satura-
tion in television receivers, set-point data in control
units, and frequently used telephone numbers. If the
data is in analog form, an analog memory can be a
" great advantage in many cases, since it dispenses with
the need for an analog-to-digital converter. The stored
data must be readily erasable and the read-out must be
non-destructive.

There are various devices that would meet the above
requirements. Motor-driven potentiometers could be
used, or non-volatile semiconductor circuits. Also well
suited for memories of this type, however, are devices
that employ hysteresis effects with stable remanent
states. The magnetization of ferromagnetic materials
has long been used for this purpose, but nowadays it is
also possible to use the polarization of modern ferro-
electric ceramics. This may in fact be preferable for
some applications, since all that is required to produce
the polarization is an electric field between a pair of
electrodes on the material. There is not the power dis-
sipation always associated with the magnetization of
ferromagnetics. .

Provided the hysteresis loop of the material is
reasonably rectangular, the remanent polarization after

Dipl.-Phys. A. Petersen is with Valvo, Hamburg; Dr P. Schnabel,
Dipl.-Phys. H. Schweppe and-Dr R. Wernicke are with Philips
GmbH Forschungslaboratorium Aachen, Aachen, West Germany.

removal of the polarizing field will be almost identical
with the polarization in the presence of the field ( fig. ).
The remanent polarization increases with increasing
polarizing field-strength; any polarization between
maximum positive and maximum negative can be ob-
tained by tracing out appropriate sub-loops of the
hysteresis curve. These properties make the material
ideally suited for the storage of analog information.
Non-destructive read-out of the information is
achieved by utilizing the piezoelectric effect that is
always present in polarized ferroelectrics. Mechanical
vibrations of a polarized ferroelectric generate an
alternating electric field between the electrodes attached

0.4uC/mm?| Pr
dp—zf
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Fig. 1. Polarization P as a function of field-strength E, the hys-
teresis loop, for a lanthanum-doped mixed crystal of PbTiO3 and
PbZrO3. The chemical composition of the material and the
parameters of the sintering process are selected to give a reason-
ably square loop and a low coercive field-strength E;. Two sub-
loops are drawn to show how all remanent polarization values
between +Pr and —P; can be obtained. ’
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to the material. The amplitude of the alternating volt-
age is proportional to the polarization of the material
between the electrodes. Conversely, an alternating volt-
age between two electrodes on a polarized ferroelectric
body can make the body vibrate mechanically.

In the following sections we shall look at the construc-
tion of ferroelectric analog memories and give some
details of the applications mentioned at the beginning
of the article.

Construction of a ferroelectric analog memory

Ceramic materials based on mixed crystals of lead
zirconate and lead titanate with a perovskite structure
are very suitable for the fabrication of a ferroelectric
memory. They exhibit pronounced ferroelectric behav-
iour, they can be made inexpensively by conventional
sintering techniques, and they can easily be cut, lapped
and metallized. By adjusting the chemical composition
of the material and the conditions for the sintering
process, the ferroelectric properties can be varied over
a wide range [, The Philips laboratories in Aachen
have developed varieties of this material that have a
low coercive field-strength and the required rectangular
hysteresis loop (fig. 1). The low coercive field-strength
enables the memory devices made with this material to
be driven with relatively low voltages.

We have made a memory device that consists of a
thin ferroelectric disc with identical electrode patterns
on both faces (fig. 2). The patterns are in the form of
a central pair of electrodes and a number of electrode
pairs arranged around the circumference.

The outer electrode pairs constitute the individual
memory cells. As described above, information is writ-
ten in by applying a voltage between a pair of elec-
trodes. It is also possible, however, to apply a low di-
rect current to the electrodes through a high resistance,
in other words to apply a polarizing charge. In this way
an accurately defined polarization can be achieved,
even in materials for which the hysteresis loop has
vertical or almost vertical sides.

The central electrode pair excites the disc piezo-
electrically in a radial mechanical vibration; the materi-
al between these electrodes is given the maximum
polarization. The disc is included in a feedback loop
of the driving oscillator. The feedback signal is pro-
vided by one of the outer electrode pairs, again with
maximum polarization of the ferroelectric between the
electrodes. The circuit used (fig. 3) drives the disc at
its resonant frequency and ensures that the amplitude
of the mechanical vibration remains constant even if
there are temperature variations or changes in polariza-
tion between the drive electrodes. For simplicity the
ground electrodes can often be combined.
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Fig. 2. A ferroelectric memory device. A ferroelectric ceramic
disc is provided with an identical electrode pattern on both faces.
The central electrode pair D excites a radial vibration piezo-
electrically ; the material between the electrodes D is permanently
polarized. The pair R is used for generating a feedback signal that
drives the disc at its resonant frequency; here again the material
between the electrodes must be permanently polarized. The elec-
trode pairs M around the circumference form the memory cells.
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Fig. 3. Circuit for the piezoelectric excitation of a memory disc
and for writing in and reading out information. The drive elec-
trode D, the reference electrode R and the amplifiers A; and A2
form a feedback system that oscillates at the mechanical resonant
frequency of the disc (200 kHz for a disc of diameter 12 mm and
thickness 0.3 mm). The discriminator DM and the d.c. amplifier
As control the vibration amplitude, using the voltage Vr as refer-
ence. The write-in signal I gives a polarization proportional to
this signal under the electrode M. The vibration of the disc
generates an alternating voltage of amplitude proportional to
this polarization, and hence to I. This alternating voltage con-
tributes to the output voltage ¥, through the capacitor Ce. The
voltage generated at the reference electrode also contributes to
the output voltage through capacitor Cr, so that the negative
half of the hysteresis loop can also be used.

The alternating voltage that appears across the
storage electrodes during mechanical vibration of the
disc corresponds in amplitude to the magnitude of the
local polarization in the ferroelectric, but gives no
indication of the sign of the polarization. However,
when the feedback signal for the drive is used as a phase
reference and compared with the storage signal, as also
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can be used instead of a number of motor-driven
potentiometers.

Another application in process control is the storage
of the maximum or minimum value of a signal in a
particular time interval.

G

‘ FERROELECTRIC MEMORY

55

so as to store a total of say ten digits, which will be
sufficient for local and trunk calls and for most inter-
national calls. The writing and reading speeds must of
course be matched to the requirements of the local
telephone exchange.
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Fig. 9. Block diagram of the remote control of four different settings of a television set.
When one of eight buttons is depressed, the ultrasonic oscillator G generates one of the eight
frequencies f1. . .fs. This signal is transferred through a loudspeaker and a microphone to
the television set, where it is amplified. The output signal of the amplifier is selected by
frequency with the aid of the eight tuned LC circuits f1 ... fs. Because of the diodes con-
nected in series with the load resistors of these circuits, a signal of frequency f1 produces a
negative polarization under the memory electrode M, while a signal of frequency f2 produces
a positive polarization. The oscillator Osc delivers the drive signal for the memory disc; the
amplifiers A1 ... A4 pass the setting signals to the appropriate circuits in the television set.

Storage of telephone numbers

A telephone can be made much easier to use if fre-
quently called numbers can be stored in a memory
device and retrieved by simply pressing a button. A
ferroelectric memory can also be used for this auto-
matic facility. Each digit of a telephone number then
has to be stored as an analog signal with ten possible
levels. This can be done by arranging a memory disc

Summary. The development of suitable ferroelectric materials
now allows ferroelectric hysteresis to be used for information
storage as well as the long-established methods based on ferro-
magnetic hysteresis. The PbTiO3-PbZrO3 mixed crystals we have
used have a relativelylow coercive field-strength, so that it is pos-
sible to design memory devices that can be polarized with voltages
as low as about 30 V. The ease with which the degree of polariza-
tion can be controlled makes ferroelectric memories suitable for
the storage of analog information. Non-destructive read-out of
the information is obtained by utilizing the piezoelectric proper-
ties of polarized ferroelectrics. The article concludes with a
description of some applications of ferroelectric analog memories.
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The finite-element method and the ASKA program,
applied in stress calculations for television picture tubes

J.H.R. M. Elst and D. K. Wielenga

The mechanical beha_v'iour of very complicated structures such as aircraft, ships or
pressure vessels is almost impossible to calculate by the classical methods of analysis.
A numerical approximation method was developed in the fifties for the solution of such
problems. This was the finite-element method, in which the calculations are applied to a
model of the structure. These calculations can give a sufficiently accurate approximation
to the behaviour of the actual structure without taking up too much computer time.
Philips have purchased computer software based on this method — the ASKA system —
from its designers, the Institut fiir Statik und Dynamik der Luft- und Raumfahrtkon-
struktionen, Stuttgart. Several modifications have been introduced into the system at
Philips, making it more suitable for calculating the stresses in the glass envelopes for
television picture tubes at an early stage in the design.

Introduction
In 1941 A. Hrennikoff put forward a method for

calculating the mechanical behaviour of an elastic body

by substituting for it an equivalent framework, in which
he assigned elastic properties to the cells of the frame-
work in such a way that the behaviour of the frame-
work would be expected to resemble that of the con-
tinuous body [11, A theoretical basis for this method
was first established in the middle fifties in publications
in Europe and America (2. This was the origin of the
‘matrix method for structural analysis’, which rapidly
came into more general use.

Before this method was available, the only methods
for calculating the elastic behaviour of mechanical
structures were analytical methods in which a solution
is sought through a description of the mechanical
behaviour in terms of differential equations, possibly
with the aid of finite-difference methods or by numeri-
cal integfation. In practice these methods could only be
applied to structures of relatively simple geometry and
with fairly straightforward boundary conditions.

In the matrix method, which is essentially an ap-
proximation method, the starting point is an idealized
representation of the structure, built up from discrete
eleinents with simplified elastic properties. Since these

Ir J. H. R. M. Elst is with the Philips Electronic Components and
Materials Division, Eindhoven; D. K. Wielenga is with the Philips
Mechanical Engineering Works, Eindhoven; both were formerly
with Philips Research Laboratories, Eindhoven.

elements have finite dimensions (and are not infinites-
imally .small like those used in deriving the equations
of equilibrium for the continuum), the method is
usually called the Finite-Element Method, abbreviated
to FEM. In applying this method so much computation
is necessary that a high-speed computer with a large
memory is necessary for the calculations to be com-
pleted within a reasonable time. Wider application of
the method has therefore only become a practical pos-
sibility after the introduction of the third-generation
computers. :

The matrix method was initially mainly used for
stress calculations in aircraft design, and later in such
calculations for ships, pressure vessels, building con-
struction, etc. Later again the method was taken up for
applications outside mechanical engineering: heat-con-
duction problems, fluid flow, the calculation of electric-
al and magnetic potential distributions, etc.[3]. There
has also been an increasing interest in recent years in
the fundamental mathematical basis of the method [4],

An example of a structure whose increasing com-
plexity has made it even less amenable to the classical
analytical methods is the glass envelope for a television
picture tube. The main feature of interest here is the
mechanical stress produced when the envelope is
evacuated; it is highly desirable to establish at the de-
sign stage whether the envelope will be strong enough.
In the earlier tubes the geometry was sufficiently simple
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both in technical possibilities and in practical applica-
tions.

The ASKA programs are mostly written in FOR-
TRAN, to give the greatest independence from the type
of computer (at Philips the IBM 370/168 computer is
used for ASKA at present). In the design of ASKA
every attempt was made to make it both a useful tool
for the practical design of structures, and also a system
that can serve as the starting point for further research.
To facilitate practical design work an input/output
system has been provided that is matched as far as
possible to the convenience of the user, who must of
course possess an adequate knowledge of the finite-
element method. The programs that perform the actual
calculations do not concern the user at all, since they
are activated automatically. To make ASKA suitable
for research as well, it is largely built up from modules,
which makes it easy to include alterations and addi-
tions. Even so, the use and further development of a
computer system such as ASKA requires considerable
skill and experience; cooperation with software spe-
cialists is essential.

The facility for including modifications in ASKA has
been used to adapt the ASKA I program to the specific
requirements of the picture-tube problem. The program
is used at Philips for a large number of other problems
besides the calculation of these picture tubes. These
include the calculation of the deformations and stresses
in a hydraulic motor, in a centrifuge, in the base-plate
of an automatic coffee-maker, in the cooler housing of a
hot-gas engine, and in a helical-groove bearing. ASKA
is also increasingly used in the calculation of the dy-
namic behaviour of structures. The suitability of ASKA
as a research tool can be seen from the application for
calculating the resonant frequencies of a reverberation
chamber and for calculating the flow of a highly viscous
fluid along an open cavity, since these problems do not
resemble those that ASK A was designed to solve.

In this article we shall start by giving a description of
the finite-element method and deriving the equations
used. Next we shall look at the ASKA I program and
modifications to it. Finally we shall describe the appli-
cation of the system to the calculation of the mechanical
behaviour of the envelopes of television picture tubes.

Calculations for an elastic body

Let us consider a linear-elastic body of volume V
with a surface S of which a part S is subjected to a
known load. It is required to find the deformations and
stresses that are produced in the body by the load (it is
assumed that the deformations remain small).

- Three sets of differential equations apply for such a
problem: the equations that express the relation be-
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tween the strains & and the displacements u;, the equi-
librium equations, given in terms of the stresses 6y, and
Hooke’s law, which gives the relation between the
stresses and the strains. From these equations it is pos-
sible to derive a set of three partial differential equa-
tions expressed in terms of the displacements #; and
their derivatives, which can be used to describe any
linear elastic problem (see the Appendix). By using
variational methods it can be shown that solving these
equations to obtain the displacements is mathemati-
cally equivalent to finding a displacement field #;(x,y,z)
that satisfies the boundary conditions and for which a
certain ‘functional’ (a quantity whose value is defined
by the function u; and its derivatives) is at a min-
imum. For the body described above this functional
is:

D = [$Eyu ey ex1 AV — [ puy dS. )
| 4 Sp

Here Ejyz is the tensor from Hooke’s law, which con-
tains the elastic constants of the material; p; represents
the components of the load on the surface Sp. The
indices i, j, k and [ take the values 1, 2 and 3, which
indicate the coordinates x, y and z. The summation
convention also applies here: a summation must be
made over indices that occur twice in a term. The func-
tional @ has the dimensions of energy; the method
described is known in elasticity theory as ‘the principle
of minimum potential energy’.

The principle of minimum potential energy forms the basis of
the finite-element method in the form known as the displacement
method. In this method approximations are introduced for the
distribution of the displacements. It is also possible to derive
variational methods that lend themselves to the introduction of
approximations for the distribution of the stresses (force method)
or of displacements and stresses (mixed methods). In this article
only the displacement method will be described.

The finite-element method

In solving an elasticity problem by the finite-element
method the body is considered to be built up from a
number of small regions of relatively simple geometry,
the elements (e.g. bars, triangles, tetrahedra). A number
of points in these elements are chosen as nodes; these
usually lie on the boundaries of the elements, partic-
ularly at the corners. This network of nodes forms the
idealized model of the body, and the calculations are
made on the model. For each element interpolation
JSunctions are chosen which express uniquely the dis-
placements in the elements in terms of the displace-
ments of the nodes. The displacement field is then cal-
culated for which the functional @ from equation (1)
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has 4 minimum value. This displacement field, charac-
terized by the displacement of the nodes, is an approx-
imate solution to the problem.

Since the matrix notation is the most suitable for
describing the finite-element method, particularly for
computer processing, we shall rewrite equation (1) in
matrix notation:

@ = [1eTEe dV — [uTp dS. )
v Sp

Here E is the elasticity matrix, formed from the
elements of the elasticity tensor Eigr; € is a column
matrix with the strains as the elements (column
matrices are written as a row of elements between curly
brackets):

&£ = {8:1::5 Eyy €2z Exy Eyz Szx}
and T is its transpose, the row matrix
8T = [exxeyy Ezszyayzszx].

In addition #T is the row matrix [uzuyu;] and p is the
column matrix {pzpyp:}.

The functional @ is obtained for a body divided into
N elements by summing the contributions from the
separate elements:

a —X
U ly3
7’ 3 Uyz
u 1
2 uX2
Q —_—X

Fig. 2. a) Division of a thin flat plate into triangular elements.
The three corners of each triangle are taken as ‘nodes’. This
means that the displacements of the other points of each element
are expressed in terms of the displacements uz¢ and uy; of these
points by using interpolation functions. () Linear interpolation
functions are chosen for these triangular elements.
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™M=

b =

n

N
Op =Y [ [1eF Enen dVn— [ul pndSu]. (3)

1 n=1 ¥, Spy

This summation is only permissible if the boundaries of
the elements themselves make no contribution to @.
This will certainly not be the case if it is arranged that
the strains at the boundaries are finite. Consequently
the interpolation functions must be such that there are
no discontinuities in the displacements at the bound-
aries of the elements: the continuity of the structure
may not be broken. .

For the displacement field of element # we can write:

Uy = Fpdy, (4)

where d, is' the column matrix of the nodal displace-
ments and F, contains the interpolation functions.

We can illustrate the subdivision into elements and the selection
of the interpolation functions by the simple case of a thin plate
loaded in its own plane. The problem can be considered as two-
dimensional (‘plane stress’). We can divide the plate into triangular
elements; for each element (see fig. 2a and b):

1 = {uz(x,y) uy(x,»)}, and

d = {uz1 tty1 uzs tys uzs tys}.
For simplicity the subscript » is omitted here. The displacements
in this element can clearly be interpolated linearly. This can be
expressed in matrix notation by:

Uzl

uy)

g _ F10 F20 F30 2%

| uye

Uz3

ly3
where F1, Fa and F3 are linear functions of x and y:

Fi(x,y) = atx ~+ by + .

By including the conditions Fi(x1,y1) =1 and Fi(xz,ye) =

Fi(xs,ys) = 0 the coefficients a1, b1 and c1 can be expressed in

terms of the coordinates of the nodes. The coefficients of the

functions Fz and Fs can be determined in an analogous way.

After selecting the interpolation functions F, the
strain can be calculated from

En = Bndn, (5)

where the matrix By is obtained from equation (4) by
differentiation. This gives the functional @ for element
n:

@y = [3dTBYE,Budy dVy— [dIFIp, dSy =
Vn Spy

= 1d K ndy — d%gn, (6
where
Vi .

Spn

k, is the stiffness matrix of the element and g, contains
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the forces at the nodes equivalent to the external load
Pn exerted on the element. For the complete body there-
fore

N N
P =3, On =) Gdikndn —dign). - (7)
n=1 n=1

The nodal displacements of the complete network are
then combined in a single column matrix »; numbers
are assigned to the nodes of the body for this operation.
The relation between the nodal displacements dj
arranged element by element and the global nodal dis-
placements r is stated by the connection matrix A:

{dldgds “es dN} = {A1A2A3 v o AN}}‘, or d = Ar. (8)

This matrix also relates to the transformation of local
coordinate sysfems associated with the elements to a
general system that applies to the complete body. If
these systems are the same 4 is a Boolean matrix (which
only contains ones and zeros).

Substituting from (8), (7) becomes:

@ = LrTATkAr — rTATq, )

where k =[kikeks ... ky] (these brackets indicate a
diagonal matrix), and ¢ = {g14243 . . . gv}. We now
define

K= ATkA and f= ATq; 10)

K is the stiffness matrix of the body subdivided into
elements and f contains the nodal-point forces equiv-
alent to the external load p. Therefore

D = 1TKr — rIf. an

Since E is symmetrical, k and K are also symmetrical.

To determine the displacements and hence the values
of r for which the functional @ has a minimum value,
we calculate the derivatives of @ with respect to the
various elements of r, and set them equal to zero. This
gives the set of linear equations

Kr =f. 12)

The column matrix f contains all the forces that act
upon the body, and henee the forces at the points where
we wish to support the body. These forces are in equi-
librium; their interdependence is expressed by the six
equilibrium equations for the complete body. This de-
pendence has the result that the matrix K is singular
(i.e. it has no inverse), so that the set of equations (12)
has an infinite number of solutions; arigid-body motion
is still possible.

To eliminate this interdependence, the values of a
number of nodal displacements must be given in the
statement of the problem; this number must be at least
as many as are necessary to prevent rigid-body motion.
All the displacements whose values have been given
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before-hand are called ‘prescribed’ displacements rp;
the associated unknown reaction forces are denoted
by fp. The remaining unknown nodal displacements,
called ‘local’ displacements are denoted by rr, the as-
sociated known forces by f1.. A corresponding arrange-
ment of the matrix K now gives:

K Kwe |[re] _ [ (13)
Kp1, Kpp || rp el
Multiplied out this gives:
Kivry + Kvprp = f1, and (14)
Kpiry + Kpprp = fo. (15)
From (14) it follows that
r. = K77 (fu— Kuerp), (16)
and the reaction forces can be determined from this

and (15).

After the calculation of the unknown displacements
r1, the nodal displacements d for each element can be
determined from the now completely known matrix r
with the aid of equation (8). From these and equation
(5) the distribution of the strain can then be found, and
the distribution of the stress in the different elements
can now be found with the aid of Hooke’s law. The
stresses and strains for each separate nodal point can
now be calculated as the mean of the values that have
been calculated in the elements that share the node.
These values are not in general exactly equal; this is
inherent in the nature of the displacement method.

From (12), with the aid of equations (10) and (8) it
can be shown that

gr = kd, a7n

where ¢, represents the internal nodal forces for each
element. These can be calculated if d is known. The
resulting nodal forces fr = {fufe}r can then be cal-
culated from eq. (10); fLr must of course be equal to the
originally introduced load fi, while fpr gives the
reaction forces. In the ASKA system this method is
used instead of equation (15) to calculate the reaction
forces.

A numerical calculation on a computer, based on the
finite-element method, thus consists in general of the
seven following stages.

— Idealization of the structure. Formation of the con-
nection matrix 4. )

— Calculation of the element stiffness matrices &, and
formation of the matrices K1, and Krp.

— Calculation of the equivalent nodal
Ju— Kvpre.

— Calculation of the displacements rL.

— Calculation of the nodal displacements dj, the
stresses ¢, and the strains g, for each element.

forces
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— Calculation of the mean strains and stresses for
each node.
— Calculation of the reaction forces fe.
In practice the calculation of the various quantities
does not follow these formulae exactly. For example,
. the matrix 4, which contains very mafy zeros, is not
formed as a complete matrix, and the stiffness matrix K
is not determined from the formal matrix multiplica-
tion ATKA. More efficient methods have been de-
veloped for these processes, but we shall not pursue
the matter further here.
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Fig. 3. Square plate loaded by a parabolically distributed
tension on two opposite sides. The dimensions of the plate are
0.8 X0.8 X0.01 m, the modulus of elasticity E is 2 X 1011 N/m?
and Poisson’s ratio v is 0.3. The load op is indicated as a line
load (force per unit length) and is assumed to act over the
complete thickness of the plate; go = 16 X 105 N/m.

The ASKA I program

As we said in the introduction, the ASKA I program
was specially developed for the solution of linear static
problems by the finite-element method. The program
can be applied for structures in which the displacements
and the strains remain small at the loads imposed. The
material must also have linear elastic behaviour; it
may be anisotropic with the anisotropy defined in
terms of local coordinate systems.

The program consists of a total of 250 000 instruc-
tions, distributed over about 2500 subroutines. The
total storage required for the program is about
2.3 Mbytes (eight-bit bytes); by applying ‘overlay’
techniques the main-memory capacity necessary can be
limited to about 310 kbytes. In overlay techniques only
those parts of the pfogram necessary for a particular
phase of the calculation are present in the main memory
during that phase. The rest of the program is stored in
a disc memory. During an ASKA program there is
therefore an intensive traffic of programs and numerical
data between the disc and the main memory.
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Procedure for solution

In applying ASKA I for the solution of a practical
problem [5] there are a number of separate phases: the
statement of the problem, the idealization of the struc-
ture, the preparation of the numerical data and the
actual calculation. We shall now discuss this procedure;
by way of illustration we shall indicate what happens -
in the solution of the simple problem of fig. 3. This
refers to a thin square plate, loaded on two opposite
sides by a parabolically distributed tension. It is re-
quired to find the displacements and stresses in
the plate. Analytical solutions to this problem are
known [6]1 [7]) and we shall compare the ASKA results
with these.

The statement of the problem

The problem must first of all be clearly described;
this means that the geometry, properties of the materials
and the /oad must be established. (Fig. 3 and its caption
together form the statement of the problem of our
example.) For a complicated structure it is sometimes
necessary to simplify the structure a little, before
dividing it up into elements, so as to arrive at a model
that can be calculated by the finite-element method.
The mechanical behaviour of this model must of course
correspond sufficiently well with that of the actual
structure.

The idealization of the structure

As we emphasized earlier, the subdivision of the
structure into elements is the most important phase of
the solution process. First the types of element are
selected that might be expected to represent the
behaviour of the structure as closely as possible. The
size and location of the elements are then determined;
the topology of the network is thus established.

To choose the degree of fineness of the network
{mesh), it is necessary to have some knowledge of the
behaviour of the structure under load; at places where
large gradients in the stresses can be expected, the net-
work should be made finer than elsewhere. A finer net-
work does not just give a more accurate solution, how-
ever, it also requires more computer time and is there-
fore more expensive. In practice the idealization of a
structure is always a compromise between the accuracy
desired and the expense.

[51 See also: ASKA part I — Linear static analysis, user’s
reference manual, ISD report No. 73; Univ. Stuttgart 1971
(Revision C, 1975).

[6) S. Timoshenko and J. N. Goodier, Theory of elasticity, 2nd
edn, McGraw-Hill, New York 1951.

[71 G. R. Cowper, G. M. Lindberg and M. D. Olson, A shallow
shell finite element of triangular shape, Int. J. Solids & Struct.
6, 1133-1156, 1970. ’
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In the ASKA I program element types are available
for many categories of problems: for example for struc-
tures built up from bars and beams, continua subjected
to planar stress or strain, axisymmetric continua,
plates, thin- and thick-walled shells and three-dimen-
sional continua. The element library of ASKA I now
contains 48 elements, in various families, such as bar
elements, two-dimensional elements, ring elements,
plate elements, shell elements and three-dimensional
elements. The location of the nodes is fixed for each
element, and also the number of degrees of freedom
and the form of the interpolation functions. These
degrees of freedom can for example be displacements
"and their derivatives, and rotations. In the remainder of
this article we shall only refer to displacements.

With a number of elements there is the possibility of
applying them together with other elements in the same
structure. The condition for this is that the variation of
the displacement should be the same at the adjacent
boundary surfaces of the elements. The user himself can
also add new elements to the system.

In idealizing a structure it is not only necessary to set
up the subdivision into elements, the boundary condi-
tions have to be laid down as well. At a kinematic
boundary condition the displacement at a node can be
either prescribed or ‘suppressed’. If it is suppressed the
prescribed value is zero (e.g. at a support). As was ex-
plained on p. 60, at least as many displacements must
be specified as are necessary to prevent rigid-body
motion. A boundary condition can also be laid down
by setting the displacements of various nodes equal to
one another, without assigning a specific value. Finally,
initial strains can be specified at nodes or for each
element. Possible static boundary conditions are: ex-
ternal forces at nodes, distributed loading on the
element surfaces and thermal loading specified by
initial strains. The distributed loading can be line load
(force per unit length), surface load (force per unit
area) or volume load (force per unit volume). Both the
prescribed displacements and the forces can be speci-
fied in local coordinate systems selected by the user.
Various loading cases for a structure can be calculated
in a single ASKA calculation.

It is appropriate to mention some of the important
features of the idealization here.

— If there are symmetries in the structure and the
loading it is sufficient to calculate only part of the
structure.

— By assigning appropriate numbers to the nodes a
band structure can be produced in the stiffness matrix;
the elements not equal to zero are then located in a
band on both sides of the diagonal. Since the width of
this band strongly affects the computation time (a wide
‘bandwidth’ requires a great deal of computer time), it
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is important to keep this width as small as possible (see
fig. 4).

— Programs can be developed that can generate the
subdivision into elements for some structures com-
pletely automatically. These ‘mesh-generator’ pro-
grams start from the geometrical description of the .
structure and some basic information about the degree
of fineness desired for the network. They give both the
topological description of the network and the coor-
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Fig. 4. Simple network of triangular elements with the nodes
numbered. The numbering should be arranged to make the
resultant bandwidth of the stiffness matrix of the structure as
small as possible (the bandwidth of a matrix is the width of the
region, on either side of the diagonal, where the elements are
different from zero). This can be arranged by ensuring that the
difference in node numbers is as small as possible for each
element. For the sample given in this figure this means that the
numbering should not run parallel to the longside (a) but parallel
to the short side ().

Fig. 5. The two-dimensional element code-named ‘TRIM 6, used
in the idealization of the structure of fig. 3. This element has six
nodes (P1 to Pg) with three degrees of freedom at each node.
These are the displacements in the direction of the three coor-
dinate axes. The element only possesses stiffness, however, for
the displacements in its own plane. These displacements follow
quadratic curves, i.e. the interpolation functions F are quadratic.
t1, tz and #3 give the thicknesses at the three corners.
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dinates of the nodes. The use of a mesh generator saves
a considerable amount of time, because setting up such
an idealization ‘by hand’ is usually the most time-
consuming part of the procedure. At Philips we now
have mesh generators for two-dimensional problems
and for calculating picture-tube envelopes.
— There may be advantages in using substructures;
this procedure will be discussed separately below.
The idealized structure (types of elements used, num-
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The preparation of the numerical data

The numerical data necessary for the performance of
a calculation is now collected. This includes:
— The nodal coordinates; if they are not generated
by a mesh generator they will have to be measured off
from drawings, or from the actual structure, usually a
very time-consuming activity.
— The geometrical data for the elements (e.g. the
thickness).
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Fig. 6. Subdivision into elements for the calculation of the structure of fig. 3. Because of the
symmetry in geometry and loading it is only necessary to consider a quarter of the structure.
At all the nodes along the lines of symmetry the displacements perpendicular to these lines
must be suppressed (drawn as roller supports for a number of nodes). For node I this means
that it is fully supported. The value of the load at the nodes is given on the right. The smallest
bandwidth for the stiffness matrix is obtained by numbering the nodes parallel to one of

the axes.

bering of the nodes, suppressed and prescribed dis-
placements) is defined in the ‘topological description’,
which makes use of a specially designed programming
language.

We shall now return to our example of fig. 3. Since
the plate.is in plane stress, a two-dimensional element
should obviously be chosen ; the most suitable one here
is the element known as TRIM 6 (fig. 5). This element
has zero stiffness for displacements perpendicular to
the plane of the element. Because the structure is sym-
metrical in shape and in loading, only a quarter of the
plate needs to be taken into consideration; we choose
the element distribution of fig. 6.

— The elastic constants of the elements. In the iso-
tropic case these are Young’s modulus E and Poisson’s
ratio v; in the anisotropic case the complete elasticity
matrix must be given.
— The values of the load quantities (prescribed dis-
placements, nodal forces, distributed loads, initial
strains).
— Any local systems of axes in which the load is given
or the anisotropic elasticity matrices are defined.
This data is input into the computer in blocks each
containing a particular kind of data, e.g. the nodal
coordinates. Each block is preceded by a code indicat-
ing the contents of the block.
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The calculation

In the ASKA I program a calculation is divided into
a number of logical stages, such as the data input, the
calculation of the elemental stiffness matrices, the as-
sembly of the stiffness matrix of the structure, etc. The
program modules that perform these stages are called
‘processors’ in the ASKA system, and are activated by
the user by calling subroutines in a FORTRAN pro-
gram. This program, which directs the actual running
of the program, is called ASKA Processor Control, or
APC for short; it consists of a list of processors that
have to be worked through in succession.

Fig. 7 shows a block diagram of a simple calculation
with the ASKA program. Each block represents an
ASKA processor; the function it performs or the quan-
tity to be calculated is indicated inside the block, and
the name of the processor is indicated in the upper right-
hand corner of the block. The data that is processed
by the processors is grouped in logical entities, called
‘books’; these books are each given an alphanumeric
name. The user can perform certain operations with
these books by using this name as argument in a
processor call. In this way the user can decide for
example which books he would like to output as the
result of the calculation, such as displacements, stresses
or reaction forces.

The computer time required for a calculation with
the ASKA T program varies from a few minutes to
several hours, depending on the magnitude of the prob-
lem. For the more complicated problems it is desirable
to run the calculation in several stages, rather than all
at once; the ‘books’ with the intermediate results (e.g.
the stiffness matrices) are then put on tape and read in
again in the following stage or stages. Special input-
output processors are available in ASKA for this.

During the complete calculation checks are carried
out to see if errors have arisen. An extensive error-
diagnosis system has been built into ASKA that can
give some 600 different error messages. Sometimes
these only contain comments that are of use to the
user, while the calculation continues in the normal way;
but if the error is serious the calculation is immediately
stopped.

Substructures

The ASKA system also offers the possibility of split-
ting a structure into several parts and dividing each
into elements separately. A partial network of this type
is called a substructure; see fig. 8. The substructures
are then interconnected by the nodes that lie on the
boundaries, which means that the displacements at
these nodes are made equal to one another for the
various substructures. In this case we refer to external
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displacements. The nodes combining the substructures
in this way together form the main net. The assembly
of substructures to form a main net is essentially anal-
ogous to the combination of elements to form a net-
work [8],

Fig. 7. Block diagram of a calculation of mechanical strength
with the ASKA I program. Each block represents a processor,
i.e. a program that performs a particular logical stage of the
calculation. The code name for calling the processor in the con-
trol program APC (ASKA Processor Control) is indicated in each
block. In this program the user must establish the procedure to
be followed in the calculation and he determines which results
must be calculated and output.
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+ The application of substructuring can offer various
advantages:

— 1t simplifies the idealization of the structure, since
this can now be done separately for each substructure.
— It introduces the possibility of making standardized
‘presolved’ substructures for parts of structures.that
are used a number of times (in the same or in different
structures). This can save a great deal of computer
time.

— Alterations in the element distribution or in the
actual structure itself can be made much more quickly
and inexpensively, since they are now made for indi-

. vidual substructures where appropriate.

— Substructures permit hinges and sliding contacts to
be included. '
— Errors in the input data can be traced and corrected
for the appropriate substructure.
— Selective data output can be made substructure by
substructure.

The ASKA system can now also be used to divide a
substructure even further into subsubstructures (recur-
sive substructuring).

Fig. 8. Diagram of a structure divided into three substructures
(I, 2 and 3). The substructures are interconnected by the nodes
at the boundaries, which together constitute the ‘main net’.

Assessment of the results

A critical appraisal of the results of an ASKA cal-
culation is desirable. There will always be some un-
certainty about the accuracy of the results, because of
the free choice in the degree of fineness of the network,
particularly if it is not possible to make any predictions
about the behaviour of the structure. Experience will
bring confidence here; in some cases, however, the user
will only be satisfied when he finds that a second cal-
culation with a finer distribution gives results only
marginally different. If results obtained from experi-
ments or analytical calculations are also available, then
comparison will obviously give a check on the calcula-
tion. When a certain type of structure has to be cal-

81 J. S. Przemieniecki, Theory of matrix structural analysis,
Mc-Graw-Hill, New York 1968.
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culated repeatedly it is particularly useful to use an
element distribution whose accuracy has been verified
by such a comparison.

. Table I shows by way of illustration some results
from the calculation of our example. The displace-
ments and the mean stresses are given at a number of
nodes and these are compared with the results of an
analytical calculation. It can be seen that a good
agreement has been achieved with the selected idealiza-
- tion. The highest deviation is less than 2%,

Table I. Some results from the ASKA calculation of the example
of fig. 3, compared with the results from an analytical calcula-
tion [9], Values are quoted for a few displacements «; (in m) and
stresses oy (in N/m2) at the nodes 1, 17, 273 and 289, of the
idealized structure; see fig. 6.

ASKA Exact Deviation %

Uy17 —0.8828 X104 | —0.8852 x 10-4 0.27
Uz273 2.9467x10-4] 2.9548 %104 0.27
1z289 0.7363x10~4| 0.7439x 104 1.02
Hy289 0.1058x10-4| 0.1039x10-4 1.83
Ozzl 1.3742x 108 1.3745x 108 0.02
Gyy1 —0.2289 x 108 | —0.2255x 108 1.51
Ozz17 0.6552 x 108 0.6571 x 108 0.29
Oyy17 0.0002 x 108 0 —_

Oyy289 0.0075x 108 0 —

In a calculation of some magnitude the number of
results is large and their interpretation is often difficult.
To obtain a good interpretation the user will often find
it necessary to apply further processing to the results.
He could for example find it useful to apply transforma-
tions to coordinate systems of his own selection, or to
display the results. It would then be necessary for him
to write his own programs for such processing, because
the facilities that ASKA has to offer here are very
limited.

Some modifications

To adapt the ASKA system to specific needs such as
those encountered in calculating television picture
tubes, a number of additions and alterations to the
program have been developed at Philips Research
Laboratories. :

The preparation of the data to be input for an ASKA
calculation is a considerable task, which can only be
automated in a few special cases. The chance that
errors are made in this preparation is consequently so
large that it is necessary to make an effective check on
‘the correctness of this data before the expensive com-
putation procedure is set under way. This is done in an
‘ASKA prerun’ (a procedure with a shortened APC);
a special processor has been developed for this
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(VERIFY), which starts from the topological descrip-
tion and the numerical data to make a drawing of the
structure that has been input: The user can then check
from the drawing whether the topological description
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Fig. 9. Drawing of the network of fig. 6, made with the processor
VERIFY to check the input data. All the elements are shown
here, so that the user can check whether all the elements that
should have been defined are in fact present in the topological
description.

and the nodal coordinates are correct. Fig. 9 shows
such a plot of the input for the problem of fig. 3 as an
example. The user can choose the viewing point for the
structure in VERIFY, and also the scale of the drawing.

A simple extension to the VERIFY processor allows
a drawing to be made of the deformed structure by
superposing the calculated displacements at the coor-
dinates of the nodes. A readily comprehensible presen-
tation of the other results, the stresses and strains at the
various nodes, is a rather intractable problem, partic-
ularly for three-dimensional structures. For two-dimen-
sional structures a processor has been developed that
draws lines of equal stress, and for picture tubes a pro-
cessor has been produced that represents the calculated
results (displacements, stresses, strains) along the line
of interaction of an arbitrary plane with the inner or
outer surface of the envelope. ,

The ASKA I program can be used to calculate struc-
tures with very large numbers of unknowns (10 000
or more). Equally large numbers of equations arise in
the process, so that a great deal of computer time is
required. A considerable reduction in this computer
time can be obtained if the subroutines that perform
the various matrix manipulations are rewritten in the
symbolic language of the computer instead of in
FORTRAN. These operations can then be performed
twice as fast as in the original version.
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Even when the calculation has been speeded up in
this way the computation of a large structure requires
several hours of computer time. Since the chance of a
computer failure in such a length of time is by no means

Fig. 10. The diagonal cross-section and the two symmetry cross-
sections of the envelope of the 26-inch 110° colour-television
picture tube. The envelope thickness is 12 mm at the centre of
the screen.

inconsiderable, it is important to be able to preserve the
intermediate results of the calculation. Then if there is a
machine failure it is not necessary to start the whole
calculation all over again, but merely at the intermediate
point. This is called a ‘checkpoint/restart’ facility. Such
a facility has been simultaneously introduced at both
Philips Research Laboratories and ISD, but in rather
different ways; in calculating picture-tube envelopes a
combination of the two methods is used. Although
retrieving the intermediate results in such a situation is
expensive in computer time and transport costs, this
safety measure is a prudent one for the longer calcula-
tions.

A recent development permits the user to introduce
linear dependences between degrees of freedom. This
can be important for structures idealized with different
kinds of elements, hinged structures or structures con-
taining rigid subassemblies. The theoretical basis of this
development was established at Delft University of
Technology [101; it has been,included in the ASKA
system at Philips, with about 80 % of the program made
up from existing ASKA modules.
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Calculation of a picture-tube envelope

The calculation of the 26-inch 110° colour-television
envelope will now be discussed as a representative
example. Calculation of the mechanical behaviour of
television envelopes has the advantage that it is then
possible to determine at the design stage whether the
envelope will bear the stresses due to the evacuation.
The alternative of making strain-gauge measurements
on a prototype is time-consuming and expensive. The
calculations therefore reduce the design time and design
costs for a new type of envelope. They also provide
more information about permissible temperature varia-
tions and hence indicate the way to design an envelope
with the optimum glass thickness for manufacture.

An incidental effect is the possibility of making cal-
culations for the press tools as well.

The statement of the problem

The two symmetry cross-sections and the diagonal
cross-section of the 26-inch 110° envelope are shown
in fig. 10. The envelope consists of a glass screen and
a glass cone; the two are bonded together by devitrify-
ing enamel. The bond is not taken into account in the
calculation.

We shall only consider the loading case in which the
envelope is subjected to an external overpressure of
1 atm. Because of symmetry in load and geometry it is
only necessary to calculate a quarter of the envelope.

The Young’s modulus of the glass is taken as
0.67x 1011 N/m? and Poisson’s ratio as 0.27.

The idealization of the structure

Since the envelope is fairly thick, and since a three-
dimensional stress pattern is to be expected in the tran-
sition from the front of the screen to the raised edge
— a region where high strains will occur — a three-
dimensional type of element was selected. Elements
that appeared suitable were the TET-10, a tetrahedron
with 10 nodes and a quadratic displacement field, or an
element from the HEXE family — particularly the
HEXEC-27 (see fig. 11). Although trial calculations
showed that the HEXEC-27 required more computer
time, and gave results that were only slightly more
accurate than those from the TET-10, the element dis-
tribution with the HEXEC-27 was so much more con-
venient that this element was adopted.

The element distribution that was used for the cal-
culation (see fig. 12) consists of a single layer of 304
elements; it was assumed that the variation in stress

199 The exact values were taken from the article of note [7].

(10) H. A.C. M. Spaas, J. G. M. van de Reek and D. K. Wielenga,
Linear constraints in the ASKA programming system,
PROGEL report PRGL-SYST-R 75-2, Laboratorium voor
Energievoorziening en XKernreactoren van de Technische
Hogeschool, Delft.
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Fig. 15. The strain ¢ in the glass
along the inside of the envelope
at the smallest symmetry cross-
section. The strain has been
plotted against the position L
on the developed line of inter-
section of this cross-section and
the inside surface; the point M

corresponds to the centre of the
screen, the point R to the transi-
A tion between the front of the
screen and the raised edge and
the point K to the transition
o between the screen and the cone.
The solid lines connect the cal-
culated values, transformed to
local coordinate systems defined
by the normal n to the glass
: surface and the tangents to the
surface in the plane of the cross-
0 section (radial r) and perpen-
dicular to it (tangential ¢). Meas-
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ured values are also given for
er (triangles) and ¢ (squares).
The agreement between the
measured and calculated values
is very good.

Fig. 16. As fig. 15, but now for
the strains at the outer surface,
plotted on the developed line of
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two positive peaks in & here on the outside of the tube,
which are approximated very closely in the calculation.

We can conclude that ASKA has been found to be
an indispensable design tool in achieving the aims
stated at the beginning of this section. The ASKA pro-
grams have greatly assisted in reducing the time and
expense required in the design of a television picture
tube.

Other systems

In addition to ASKA there are a large number of
comparable systems available or accessible for use. Each
of these systems has its strong and weak points; we
shall mention here ICES-STRUDL, also available at
Philips, and NASTRAN, SESAM, ASAS, BERSAFE
and MARC 111, The MARC system is very suitable
for solving nonlinear problems, and will also shortly

intersection between the smal-
lest symmetry cross-section and
the outer surface.

be available at Philips. All of these systems can be
applied to large groups of very diverse problems. They
all have one feature in common with ASKA : specialist
knowledge and experience is necessary in use for ad-
vanced applications. Again, it will in practice often be
necessary to adapt the system to the user’s particular
requirements, which means that close cooperation with
software specialists is essential.

Finally, we should like to emphasise that the finite-
element method is a numerical method of solution.
This means that an understanding of the behaviour of
a structure as a function of various parameters can only
be obtained after repeated calculations, which may not
be permissible in practice. Analytical methods, giving

[11] A survey of the various systems is given in:
K. E. Buck, D. W. Scharpf, E. Stein and W. Wunderlich
(ed.), Finite Elemente in der Statik, Ernst, Berlin 1973.

(121 See K. Washizu, Variational methods in elasticity and
plasticity, Pergamon Press, Oxford 1968.
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more closed solutions in which the effect of the param-
" eters is immediately visible, are still preferable. Unfor-
tunately, the kinds of problem that can be solved by
such methods are becoming relatively fewer. The finite-
element method, on the other hand, has considerably
increased the range of kinds of problem that are
amenable to calculation.

Appendix: The equations of the theory of linear elasticity

In the theory of linear elasticity the following relations (they
are given here in tensor notation) are applicable.
here in tensor notation) are applicable.

The relation between the strains ¢ and the displacements u; is:

(A

where the subscripts 7 and j take the successive values 1, 2 and 3,
indicating the coordinates x, y and z, while a subscript following
a comma indicates a differentiation with respect to the appro-
priate coordinate.

For i =j =1 eq. (Al) gives:

ey = % (s, + v,

Oz

Ouz Oug
ox

ox  ox’

Exx = i‘( +
so that the strain in the x-direction is the derivative with respect
to x of the displacement in the x-direction. If i = 1, j = 2, then

we have:
Quy

Ouy + ___)

=ty )

where 2ézy is the shear in the x,y-plane (the angular change of
a right angle between the x- and the y-direction). The quantities
Eyy, €2z, Eyz and &2z follow from (Al) in the same way.

The equilibrium equations for the stresses oy are expressed as

o33 = 0. (A2)

In addition to the convention for differentiation as mentioned
above, the summation convention is also applied: if an index
appears twice in a term then a summation must be made over
this index. For i = 1 eq. (A2) then gives:

002z +ao'_1:y bazz=

(3 oy 0z 0.

This equatior: can be derived from the equilibrium of the normal
and shear forces acting on a volume element dxdydz in the x-
direction. Corresponding equations for the y- and z-directions
can be derived from (A2) for i = 2 and 3. From the equilibrium
of moments it also follows that oy = oy,

Hooke’s law, which gives the relation between the stresses oy
and the strains &g, can be expressed as

oy = Eyrien, (A3)

where Eiyxp contains the elasticity constants of the material. For
a three-dimensional isotropic body this gives six equations that
can be expressed in matrix notation as:

Cxa [ 1—v » v 0 0 O Exz
Oyy vy1-»2» 0 0 O &yy
Gzz v v 1-v 0 0 0 &2z
Oy =m 0 0 0 1—2’j 0 0 2ezy
Oyz 0 0 0 0 1"22” 0 2ey:
| 62z_| | 00 0 0 o 1—22”_ | 2625 |

Here E is Young’s modulus and » is Poisson’s ratio.
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Substituting (A1) in (A3) gives

oy = Eyrr. 3(ur,g + w,x),
so that (A2) becomes
Err . 3(ur,y + w,55) = 0. (A9

This equation represents a set of three partial differential equa-
tions, for i = 1, 2 and 3. The terms are summed over the sub-
scripts j, k and [; the terms ux,; and u;,xs; represent second
derivatives.

These differential equations (A4) can be used to describe any
problem in linear elasticity theory; in obtaining solutions it is
of course always necessary to take into account the boundary
conditions for the particular problem. If a numerical solution of
the equations is desired, difference methods must be used; how-
ever, setting up the difference equations and finding their solution
is so difficult for a three-dimensional body that there is a strong
incentive to find other methods. One such possibility gives us the
variational calculus; it can be shown from this that solving the
elasticity equations is mathematically equivalent to finding a dis-
placement field wi(x,y,z) that satisfies the kinematic boundary
conditions and gives a minimum for a particular ‘functional’
(a quantity whose value is defined by the function u; and its
derivatives). For a body of volume ¥ and with an area Sp of
its surface subjected to a load py, this functional is

D = [LEyxi 65 e dV— [ prug dS.
v Sp
We shall give no proof of this here [12],

(A5)

Summary. The finite-element method (FEM) is a numerical ap-
proximation method for carrying out stress calculations on struc-
tures that are too complicated for the classical analytical methods.
The structure is divided into elements (e.g. bars, triangles, tetra-
hedra), and a number of points in these elements are selected as
nodes. To calculate the stiffness of an individual element the dis-
placements of the points of the element are expressed in terms
of the displacements of the nodes with the aid of interpolation
functions. The stiffness of the structure divided into elements is
next calculated ; the displacements of the nodes can then be deter-
mined as a function of the external load. From these it is possible
to calculate the displacements, stresses and strains in each separate
element, as well as the reaction forces at the places where the
structure is supported. :

In the article the theory of the finite-element method is derived
from the general equations of elasticity theory; the ASKA com-
puter system that Philips have purchased for carrying out cal-
culations by this method is also described. The ASKA I program
for linear elastic problems, which is applied here, consists of
250 000 instructions, distributed over 2500 subroutines; it occu-
pies 2.3 Mbytes (eight-bit bytes) of memory capacity and requires
a main memory of 310 kbytes. The element library contains
48 elements for various kinds of structures. A description is given
of the solution procedure: the input of the topological and
numerical data from the idealized structure, the application of
substructures, the actual calculation and the assessment of the
results. Some modifications have been introduced into the ASKA.
program, in particular for checking the input data, displaying the
results and speeding up the calculation. The calculation of the
envelope of the existing 26-inch 110° colour-television tube is
given as an example. Because of symmetry in shape and loading
only a quarter of this tube has to be calculated. This part is
idealized by a single layer of elements of the type HEXEC-27,
divided into six substructures. The results of the calculations,
which took seven hours on the IBM 360/75, are in fairly good
agreement with the results of strain-gauge measurements on the
tube. Making these calculations while a new television tube is
still in the design stage allows the design procedure to be speeded
up considerably. :
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An equipment for automatic optical inspection
of connecting-lead patterns for integrated circuits

\ F.L. A. M. Thissen

When every product ﬁ'om quantity production is separately examined by an inspector
to see whether it meets the specifications, some ‘bad’ ones will almost inevitably slip
through. It is therefore desirable to automate such ‘visual inspection’ as far as possible.
This applies even more to the growing number of products that are virtually impossible
to inspect visually in practice, for example because they are very small or the production
runs are very large. Automated inspection is then an essential. We shall call this process
‘automatic optical inspection’, since the information travels by an optical path from
the product to the inspection system. Work on this inspection system has been in progress
at the Centre for Technology (CFT), where members of some of the Philips product
divisions and the Research Laboratories cooperate on technology projects. An initial
result of this work is a machine that makes an automatic optical inspection of the con-
necting-lead patterns on the flexible plastic ‘tape’ for mounting integrated circuits
(called IC spiders). An important contribution to this project was made by G. P. J.
Janssen of the Electrical Mechanization Department of the Video Division, which
developed the electronic units for the system. A vital component of this system is the
‘data formatter’, which will also be used in other inspection systems. The mechanical
units of the system were designed by the Mechanical Mechanization Department of the

Video Division.

Introduction

The final inspection of many quantity-produced
products is carried out by an inspector, who judges
visually whether the product meets the specifications.
For some products occasional sample checks will be
sufficient; for others it may be necessary to subject
every completed item to this visual inspection. A
familiar example in the electronics industry of a product
that has to be individually inspected is the printed-
circuit board. Although it is no exception to have
production runs of hundreds of thousands of such
boards, every single one still has to be inspected
visually. This means that many people are required to
do this work, and since it is tedious and uninspiring
it is inevitable that human errors will occur and that
products with defects will be passed as satisfactory.
Automation of this inspection is highly desirable, and
it also seems perfectly feasible since the criteria are all

Ing. F. L. A. M. Thissen is with Philips Research Laboratories,
Eindhoven.

clearly defined (the conducting tracks must all be
present, there must be no short-circuits or near-short-
circuits, etc.). As in visual inspection, the information
from automated inspection will also pass along an
optical path from the product to the inspection system.
To indicate this we shall use the term ‘automatic optical
inspection’,

As a first move towards automatic optical inspection
a machine has been developed for inspecting the ‘pat-
tern” of connecting leads on the flexible plastic ‘tape’
used for mounting integrated circuits [1). These con-
necting leads are applied to a plastic tape by an
electroplating process; see fig. 1. Each pattern of leads
measures about 20X 8.2 mm; the narrow tracks in
the centre, on which the IC is mounted (the ‘bonding
zone’), are only 0.1 mm wide. The pattern has to

(11 A. van der Drift, W. G. Gelling and A. Rademakers, Inte-
grated circuits with leads on flexible tape, Philips tech. Rev.
34, 85-95, 1974.
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missing. However, if the centre-line is moved one image
point to the left, then this intersection also satisfies the
criterion, without faults arising in the other intersec-
tions. The intersection is then passed as correct. In the
actual inspection of connecting-lead patterns (where

e e X X X X ¥ x % .
CoexX X X X kX X

CeX X X X X X X -
e X X X X K X e e
e X X X X Kk X x - -
. xxxx*xx--

Fig. 6. Stored image of a vertical track in which a fault is found
on inspection with a track width of five points. This fault,
however, arises because the centre-line does not coincide with
the centre of the track. Such positioning errors can be remedied
by repeating the inspection of the intersection with a displaced
centre-line when a peripheral point is found to be missing. When
the centre-line in the example shown here is moved one point to
the left the track satisfies the criterion.

the narrowest track always has a width of 10 to 15
points) the centre-line is moved through two points
when peripheral points are missing.

In the third case, where one or more points are
missing in an intersection, a fault has been discovered.
Not all faults, of course, necessarily lead to the rejection
of the pattern; for example a small hole in a wide track
is indeed discovered as a fault, but it will have no
practical consequences. To avoid an unnecessarily high
reject percentage, therefore, the seriousness of a fault
must first be judged before the decision ‘pass’ or ‘reject’
is taken.

.

Fault appraisal

When a fault is discovered, a subroutine that deter-
mines the dimensions of the fault is initiated. This is
done by making a fault projection; see fig. 7. Starting
with the first intersection in which the fault occurs, the
intersections are scanned and a record is made in a
projection buffer PB of the points that are missing.
Part of the main memory is reserved for this buffer.
In addition to the track points, some surrounding
points are also examined in each intersection. This sub-
routine stops as soon as a completely correct inter-
section is found; the buffer then contains a projection
of the fault.

The following data can be read from the projection.
If the fault is an isolated one, e.g. a hole in a track as
in fig. 7, the maximum width of the hole and also the
widths of the two free conducting paths beside the hole
can be determined from the projection. If the fault is a
constriction, as in fig. 8, the remaining free conducting
path can be determined from the projection. The length
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of the fault always appears from the number of suc-
cessive intersections in which part of the fault is visible.
The same procedure is of course used when the fault
is an island of copper in an insulation strip or a pro-
trusion from a track.

c e X XX kX X x o o
ce x oA X % ox ox x .
¢ o X ¥ x x x .
. X X X X X e e
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. X X X, X X .
--xxx'x/xxx-- b
7/

"'X""xx"PB

Fig. 7. Making a fault projection. When a fault is discovered in a
track, the missing points are recorded in.a projection buffer PB
for all successive intersections in which the fault is visible. Two
points on either side of the track are also examined. If the fault
is a hole in a horizontal or vertical track, a projection of this
hole is produced in PB on a perpendicular intersection of the
track (a). From the contents of PB it is now possible to read the
maximum widths of the free conducting parts next to the hole
(here one and two points). If the track is not horizontal or ver-
tical, but runs in an arbitrary direction, a similar resultis achieved
by giving the centre-line point for all intersections in the buffer
the same position, in other words the fault is projected parallel
to the centre-line on to a horizontal or vertical line (b).
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Fig. 8. Fault projection for a constriction in a track. From the
contents of the projection buffer PB the remaining free path can
now be read (here three points).

I31 A similarapplication of an interactive display is described in:
P. Blume, Computer-aided design, Philips tech. Rev. 36,
162-175, 1976 (No. 6).
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The necessity of a procedure including fault projec-
tion appears from the example in fig. 9. Here a thin
scratch in a track has broken the electrical connection.
Nevertheless there is only a small fault present at each
intersection — in all cases no more than one point is
missing — which in itself is not a reason for rejecting
the pattern. It can only be seen from the projection that
the connection is broken and that the pattern must
therefore be rejected.

Whether a fault of certain dimensions should result
in a reject depends to a great extent on its position in
the connecting-lead pattern. Different rejection criteria
apply to the bonding zone, the zone with the tracks and
the zone with the solder lands. In the model each centre-
line section in addition to the width criterion is given
information indicating to which of these zones it be-
longs. From this information and the rejection criteria
for the three zones, which are stored in the computer,
a decision subroutine can determine whether or not the
discovery of a fault must be followed by rejection. -~

Technical design

The camera arrangement

The camera used for inspecting the connection pat-
terns is an XG 7302 type, developed by the Philips
Electro-acoustics Division for use in X-ray systems.
The camera has very high stability for the horizontal
and vertical deflection. The line generator has been
modified to produce a rectangular picture instead of the
original circular one. The 875 picture lines originally
used (in two interlaced fields) have been increased to
876, and a field of 438 lines is scanned every 20 milli-
seconds without interlacing [4. A number of these
lines must be suppressed (for the field flyback, for
example); about 400 lines remain in each field.

Inspection of the bonding zone of a pattern requires
a resolution of 10 um; the optical system of the camera
that takes the picture of thesbonding zone is therefore
arranged in such a way that the distance between two
picture points corresponds to 10 pm in the pattern.
With a field of 400 lines with 450 picture points this
means that the camera must cover an image field of
4x4.5mm, large enough for the bonding zone (see
fig. 3). For the rest of the pattern a resolution of 20 pm
is adequate. The second camera is therefore set for an
image field of 8 X9 mm, so that the complete pattern
can be recorded in three steps.

The arrangement of the camera in relation to the
tape is illustrated schematically in fig. 10. The tape runs
through a guide groove G over a small glass block
through which it is diffusely illuminated. By means of
the semi-transparent mirror S1, the mirror Sg and the
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Fig. 9. lllustrating the necessity for a fault projection. For the
fault shown here, which runs right across a track, only one mis-
sing point is found in each intersection; this alone would not
result in a reject. The projection, however, shows that the con-
nection is completely broken.

+
S, { .
>
+
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Fig. 10. Diagram of the optical part of the system. The tape runs
through a guide G over a glass block through which it is illumi-
nated by the light source L via a diffuser D (a ground-glass
plate). The semi-transparent mirror S1, the lens system Fi, the
mirror Sz and the system Fa form the images in the two cameras
C1 and Cs. The lens systems and the object and image distances
are chosen in such a way that Cy operates with a resolution of
10 pm and Cz with 20 pm.

lens systems F, and Fp, images of the pattern
are formed in cameras Ci and Cs. With a suitable
choice of lenses and of object and image distances,
camera Cj has a resolution of 10 pm and camera Cz
of 20 pum.
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450 discrete values per picture line during the input
process. Inputting thus takes place synchronously with
the scanning of the picture; the speed is determined by
the camera system and is slightly more than 12 X 108 bits
per second. The registers are read out discontinuously
in groups of 16 bits (the word length of the computer)
and at the higher speed of 19.2x 108 bits per second,
determined by the speed of the computer.

The computer is a Philips P 855 minicomputer,
whose main memory has a storage capacity of 32 x 1024
words of 16 bits and a store cycle time of 0.8 ps. By
means of a special input channel DM A (Direct Memory
Access) the video information from the data formatter
is transferred straight to the main memory. The infor-
mation from one picture occupies about 12 000 words,
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In the semi-automatic operation of the system the
user communicates with the computer by means of the
teletypewriter. This can also supply statistical data
about the faults discovered. Such data may reveal cer-
tain manufacturing errors that would otherwise be
difficult to trace, such as a slight undulation in the
series of patterns on the tape caused when the tape is
cut from the wide plastic strip on which the patterns are
made. The system also contains the tape reader TR and
a tape punch TP for entering the model data when
making the centre-line model. In the arrangement
shown in fig. 2 the left-hand part of the cabinet con-
tains the computer; the other circuits are contained in
the right-hand part on which the operating panel is
located.

G [ ct Pess [ ITT
M| &~ | Ds Df b DMA — Comp TP
Gy | CU; —— TR
14
MIOS
L s6
! i u
o
—_— ]
VM ++ CG o
o
s sC opP
P - Mon

Fig. 12. Block diagram of the inspection system. Ci and Cz cameras with control units CUy
and CUz and sync generator SG. M multiplexer. Ds level discriminator. VM video-mixer.
Mon television monitor. Df data formatter. DMA input system (Direct Memory Access).
MJOS modular input and output system. CG cursor generator. S stepping motor with servo
controller SC. P punch mechanism. TT teletypewriter. TP tape punch. TR punched-tape

reader. OP operating panel.

which are stored at consecutive addresses. The programs
and the model data are read in by a punched-tape
reader TR; the main memory is large enough to con-
tain this data in addition to the video information, so
that the inspection system requires no backing storage,
such as a magnetic-disc file. The modular input/output
system MJIOS of the computer controls the multiplexer
M, the stepping motor S (via the servo-controller SC),
the punch P used for marking the rejected patterns, and
the cursor generator CG. The MIOS also includes an
operating panel OP for starting and stopping the sys-
tem, selecting automatic or semi-automatic inspection
and switching the cursor on or off.

The inspection cycle

We shall now deal with some aspects of the system
in more detail. The inspection cycle for the four fields
of a pattern is shown in fig. 13. The smallest unit along
the time axis of this diagram is the field-scan period of
the cameras (20 ms). The upper line (/r) indicates when
an image is read into the computer. By using the data
formatter the image can be read in while the camera is
taking the picture, so that this input takes no longer
than one field-scan period. The following line (7r)
indicates when the stepping motor is actuated. The line
marked Insp shows the periods in which the four image
fields are inspected by the computer, and the fourth
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which then works through the rest of the centre-line. If
the pattern is rejected, an instruction is stored in the
memory (15) to the effect that a hole must be punched
in the pattern when it arrives under the punch (this is
located above the transport guide near the position
where the picture was taken). Inspection of the field is
then promptly discontinued and the tape is transported
to the first field of the next pattern in front of the
cameras (16): any subsequent fields of the rejected pat-
tern are then omitted.

Results

The inspection system was recently put into use in
the Philips Video Division. During the period in which
_ the system was tested in the laboratory about a million
connecting-lead patterns were inspected. During this
trial period the system was steadily improved by com-
paring, in sample checks, the results of automatic
inspection with those of semi-automatic inspection
(where the operator decides on rejects), and then by
appropriately adapting the rejection criteria. A stage
was in fact reached where the sample check showed that
the system made fewer errors in automatic operation
than in semi-automatic operation. Of course, we cannot
conclude from this that the system will be better than a
human inspector in all circumstances. For the inspec-
tion of large series of patterns, however, the system cer-
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tainly has the advantage that it is able to decide upon
approval or rejection from quantitative measurements
and exactly defined criteria, whereas human inspectors
make their decisions from rather general impressions,
which may also vary considerably as a consequence of
fatigue and changes in personnel. The system is also
faster and the results are fully reproducible.

When all these factors are taken into account, we are
led to the conclusion that the system comes up to ex-
pectations. The millions of patterns made in a year can
be inspected entirely automatically and at high speed;
which would not be possible with conventional visual
inspection.

Summary. The connecting-lead patterns on plastic tape used
for mounting integrated circuits must all be inspected for faults
after production. An inspection system is described in which the
patterns are viewed in succession by a television camera, and the
video information is then compared with a model in a minicom-
puter. The model consists af-the centre-lines of the tracks and of
the insulation strips between the tracks, and for each centre-line
there is a test criterion that specifies the required widths of the
tracks and insulation strips. A computer program carries out the
inspection by checking all the centre-lines, making intersections
through the track or the strip at each centre-line point, and
verifying whether the test criteria are completely satisfied. If a
faultis found, its dimensions are determined and rejection criteria
are used to decide whether the pattern should be passed or re-
jected. The system, which has recently been introduced in pro-
duction, is capable of inspecting a tape with its patterns entirely
automatically at a speed of one pattern per second. A hole is
punched in the rejected patterns.
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Cryogenics: a critical review

J. Volger

The article below is a slightly modified version of a recent article by Prof. Volger in
Interdisciplinary Science Reviews (ISR), and is published here by kind permission of
ISR’s Editor-in-chief. Although no references were given in the original version, we have
included a few references to other articles in Philips Technical Review for the benefit of
those who may wish to study some aspects of the subject in more detail.

Man must have been able to distinguish hot and cold
through direct sensation of the skin, long before he had
a precise concept of what temperature really is.
Through an early technology of fire, the burning of
wood and later of coal, high temperatures became
familiar to our ancestors. The development of our
civilization depended on this. The physics and technol-
ogy of temperatures below ambient appeared only
recently and the penetration of cryotechnology — the
technology of low temperatures — into our modern
world is still modest. It is, however, undoubtedly a
growth area, the more so since cooling equipment of all
kinds, down to the very lowest temperatures, is now
becoming steadily cheaper and more reliable. House-
hold refrigerators are used worldwide and in some
industrialized countries they may consume some
10-15% of domestic electric power.

In order to obtain high temperatures exothermal
chemical or nuclear reactions are used and the heat so
produced is led by conduction or radiation to the
desired place. The whole biosphere of our planet profits
from the thermal radiation of the Sun.

Low temperatures may be obtained when heat can
be lost to low-temperature heat sinks, such as the cold
universe. Radiation measurements of the dark parts
of the universe have shown it to be extremely cold
indeed, a few degrees absolute. The existence of our
atmosphere does not permit us to profit from the low
temperatures of space on a large scale when really low
temperatures are wanted. Spaceships are of course an
exception. Also, very little may be expected of the use
of endothermal chemical reactions. The classical cool-
ing method of mixing ice and salt lowers the tempera-
ture by some 20 °C only.

So we are left with the conclusion that substantial
cooling requires tricks of a more sophisticated kind.

Before going on to a discussion of these and other .

Prof. Dr J. Volger is a Deputy Director of Philips Research
Laboratories, Eindhoven.

items that make the world of low temperatures so
exciting, we shall first look at the basic concept of
temperature, including some simple statistical mech-
anics.

The thermodynamical definition of temperature

We think of a body as a system of atoms exhibiting a
scheme of energy levels, determined by quantum
mechanics. When the body is heated, higher energy
levels are excited. Obviously, the distribution of a
given amount of energy U over all these atomic levels
may be achieved in many ways, each having a certain
probability P. Usually internal energy transitions will
rapidly bring about the modst probable distribution,
i.e. the maximum value of P for given U, and then
we speak of thermal equilibrium. From P a quantity S,
the entropy, can be derived: S = k In P. The factor &
(Boltzmann’s constant) is independent of the nature of
the system.

If two systems A and B are brought in thermal con-
tact, energy can be exchanged and the combination
reaches a new equilibrium, i.e. equal and uniform
temperatures in A and B. Thermal equilibrium means
that the distribution of the total energy U over the now
combined collection of energy levels has reached
the maximum probability. The law of combination
of probabilities is to form a product, Pap = Pa X Ps.
So, upon an infinitesimally small energy transfer
dUa = —dUs between A and B we then require

P
AB —o,
_ QU
so that
0 0 oS oS
—lnPA= —lnPB, or ——ﬁ=—B .
U, oUs oUx 0Us

This means equalized temperatures indeed when — as
is the case in thermodynamics — the basic definition of
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temperature (i.e. absolute temperature) is T = dU/dS,
a definition that appears to coincide, fortunately, with
the absolute temperature as measured in an ideal or
perfect gas thermometer. § =0 means that P is
minimal, equal to 1 in fact, and this will be the case if
the whole system of atoms has arrived in what quan-
tum-mechanically is called a non-degenerate ground
state. We call this situation perfect order, the absolute
zero point of temperature.

The equilibrium distribution of energy at the various
levels of a system is thus governed or indicated by the
temperature. By way of illustration we calculate T in
a model system: a set of N very simple atoms, each
with a ground state at, say, zero energy and one
excited state with energy & only. The total energy
U = ne is given. We seek P, the number of ways in
which the n excitations can be accommodated in the
level scheme. From the theory of combinations we
arrive at

N!
P,
nl(N — n)!

and to a good approximation it follows that
S
= InP=NInN—nlnn— (N— n)In(N— n),

and so

oU bU/bn_ £
T 2S 0aS/on kln {(N—n)[n}"

This expression may also be read in reverse order:
it then gives us the ratio between the occupation num-
bers of the two levels in our model system as a func-
tion of temperature:

n
N = P (—e/kT).
This is the familiar Boltzmann equation. It also holds
for a many-level scheme.

Fig. I shows the relation between U, S and T in this
simple model system. The lower part of the curve is
typical for the normal thermal excitation of any
system. Of course, the higher the scheme of atomic-
energy levels, the further extends the simultaneous
increase of U and S when raising the temperature. For
0 <T< oo in our two-level scheme 0 < n << $N.
A negative temperature means an artificial non-equilib-
rium situation, so that the occupation number of the
upper level has been made larger than the one of the
ground level, e.g. by a vigorous excitation ‘pump’ as
used in a maser.

The transition probabilities between the relevant
levels play a role here. Sometimes atoms tend to stay
in excited states, which are then called metastable with
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respect to those lower levels to which they do not
decay. Usually it is possible to distinguish between
subsystems that exhibit their own internal equilib-
rium, i.e. temperature. One should keep in mind that
nature provides energy-level schemes extending over
millions of electron volts, if the nuclear levels are
included. (The atomic energy of the chemical bond has
a magnitude of only a few eV.) Owing to its boisterous
history the part of the universe in which we live has
enormous quantities of nuclear matter in an excited

‘state: so, if conditions permit, this is unstable with

respect to nuclear fission or fusion. Also, enormous
quantities of biological matter in our biosphere are in
an excited state, chemically metastable with respect to
oxidation. This does not mean, of course, that we
should consider our daily world as having a negative
temperature.

Fig. 1 also shows that the internal energy U of a
system is determined by both T and ¢, the latter param-
eter, moreover, being.susceptible to an external in-
fluence, such as a magnetic field. If only heat is supplied
the increase of U is obtained by proceeding along one
specific curve, such as depicted for a fixed value of e.
Also, U may be changed by affecting ¢, but the number
n of excitations in the model system remains constant
in such a process, and likewise the entropy.

Principles of cooling

In general, for any object for which a temperature
can be defined U can be plotted as a monotonic func-
tion of S. External parameters X, such as pressure or
magnetic field, mark out a set of U(S) curves. Each has
a positive second derivative, which means that decreas-
ing U by extracting heat (X constant) leads to a fall in

Ne e~
~- ~
\\
U N
N\
\
\
+Ne \
T=0U/dS
00 0.7

Fig. 1. The relation between the total energy U and the entropy §
in a model substance, consisting of N atoms which have only two
energy levels. The temperature at a particular part of the curve is
equal to the slope of the tangent: T = dU/0S. The quantity R -
is the constant from the well known law PV = RT.
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temperature. If we cannot lower the temperature by
direct heat transfer to a colder body — which may be
cumbersome below ambient temperature — we may
try to squeeze entropy out of the system by varying
isothermally a suitable parameter. Thereafter its
original value is restored under thermal isolation, or
‘adiabatically’, which means that entropy is conserved.
This principle is illustrated in fig. 2a and fig. 2b and we
put up these two cases because they are the basis of two
important cooling methods, using expansion refrigera-
tors and adiabatic demagnetization respectively.

The physical basis of these two methods is explained
in the caption of fig. 2. From equations (1) and (2) as
given there it would seem as if arbitrary low tempera-
tures were obtainable by just decreasing P or H to
extremely low values. The actual situation, however, is
different since in any real physical system the particles
always interact, causing deviations from the ideal
conditions: a real gas at low temperatures condenses
into a fluid or solid, and magnetic particles feel each
other’s magnetic moment to the effect that a minimum
level splitting &9, however small, exists.

Here the third law of thermodynamics is relevant,
stating that any real system at the limit of zero tem-
perature must have zero entropy. It is easily verified
that in our model system of magnetic atoms on which
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Fig. 2. a) The entropy S of a monatomic ideal gas, plotted as a
function of T for two values of the pressure P. Cold can be
produced by compressing the gas isothermally (/ — /') and
then allowing it to expand isentropically (i.e. thermally insu-
lated (I — 2)). In the stage (J* — 2) the temperature falls from
T; to T2. From thermodynamics it follows that in this idealized
case we have for one mole of gas:

S = R In (7572 |P) + const.

The process 1 — I’ — 2 therefore leads to a decrease in tempera- -
ture that satisfies )

Ta/T1 = (P[P")205.

In the process work is performed by the expanding gas, and an
amount of heat

Q = RT:In (P’'[P) ‘ m

is extracted from it. In the graph P’ = 12P. The temperature is
plotted on a logarithmic scale, the entropy linearly (the quantity
R is indicated as a measure). ) The entropy of a system of two-
level atoms (see fig. 1), as a function of temperature. It is assumed
that in a magnetic field H the energy distance ¢ of the two levels
is proportional to H (Zeeman splitting). From statistical me-
chanics it can be shown that in this case

exp (—¢&/kT)
1 4 exp (—¢/kT) "
The entropy is therefore a function of k7/e only. The process

1 = 17— 2 (adiabatic demagnetization) leads to a decrease in
temperature as

S=Rln{1+4exp(—e/kT)} Xs&/kTx

To/T1 = ¢le’ = HJH'. @

The distribution of the atoms over the two kinds of level remains
the same during the adiabatic demagnetization. In the graph &’
has been made equal to 2¢. The temperature is plotted in units of
elk (;c is equal to R divided by the number of molecules per
mole).

fig. 2b is based a basic splitting of energy levels gy does
indeed cause the entropy to be zero at 7 = 0. This third
law sets a limit for the attainment of low temperatures.
In equation (2), for example, the smallest value of the
numerator is &. The general conclusion is that for the
production of ultra-low temperatures nearly ideal
systems must be used such as helium atoms, which of
all atoms have the least interaction, and zero nuclear
spin. Very sophisticated cooling methods have been
developed along these lines.

The gas-cycle refrigerating machines, all akin to the
one discussed (fig. 2a) and perfected with the help of
heat exchangers and regenerators, provide effective
cooling, permitting liquefaction of all gases, down to
the most difficult, helium, with a boiling point of 4.2 K.
A well known cryogenerator is the Stirling-Philips

01 J. W. L. Kéhler and C. O. Jonkers, Fundamentals of the
gas refrigerating machine, Philips tech. Rev. 16, 69-78,
1954/55.

J. W. L. Kéhler and C. O. Jonkers, Construction of a gas
refrigerating machine, Philips tech. Rev. 16, 105-115, 1954/55.
G. Prast, A gas refrigerating machine for temperatures down
to 20 K and lower, Philips tech. Rev. 26, 1-11, 1965.

A. A. Dros, An industrial gas refrigerating machine with
hydraulic piston drive, Philips tech. Rev. 26, 297-308, 1965.
G. J. Haarhuis, The Philips helium liquefier, Philips tech.
Rev. 29, 197-204, 1968. ]

A. Daniels and F. K. du Pré, Miniature refrigerators for elec-
tronic devices, Philips tech. Rev. 32, 49-56, 1971.
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in any real system there is always a finite energy dif-
ference between the lowest levels, whatever their par-
ticular features. In fact, our two-level model (see the
first part of this article) is an example for the general
phenomenon: suppose the number of excitations, #,
that is the number of energy quanta taken up by the
model system, is still very small as compared with V.
The energy content is then to a good approximation

U = ne = Neexp(—¢/kT),

ar;d the specific heat
U .
c= 3T = Nk(e/kT)2 exp(—e/kT).

Due to the exponential function, ¢ vanishes rapidly
near ' = 0.

In a small temperature interval near T = g/k this specific-
heat function shows a distinct peak. In many paramagnetic salts,

whose magnetic ions have characteristic energy-level splitting
schemes, such a behaviour has indeed been observed.

The most important way in which solids can accom-
modate additional energy is by more vigorous atomic
or molecular excitation and vibrations. These thermal
lattice vibrations reflect the dynamics of the atoms, as
determined by their mass and by the specific forces
keeping the lattice of the solid together. Whatever
complications may thwart the accurate solution of
these quantum-mechanical problems, the general
features of lattice specific heat are always the same:
near absolute zero the thermal energy is found to be
proportional to T4 and, consequently, the specific heat
is proportional to 73; the proportionality factor is a
function of the mass and force constants of the con-
stituent atoms. At 7= 0 the total energy of a solid has
not vanished; some potential energy and a residual
value of the vibrational energy are still present. This is
known as the zero-point energy. The entropy, however,
should have vanished at T" = 0; the residual motions of
the particles and their positions should then have
reached perfect order.

In the temperature dependence of their electrical
resistivity, metals clearly reflect the scattering effect
which the thermally activated lattice vibrations have
on the electrons that carry the current. In the early
days of low-temperature physics great interest was
evinced as to what would happen to these conduction
electrons near T'= 0. We now know that a low residual
resistivity is usually left, due to scattering of the elec-
trons by lattice defects unless, of course, the metal has
become superconducting (see below). Determining the
finer details of conduction electrons, such as their
concentration, their energy levels and their mobility,
requires extensive low-temperature research, both for
metals and semiconductors. True metals retain their
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huge concentration of conduction electrons even at the
very lowest temperature, but semiconductors do not.

The conduction of heat in solids shows a somewhat
different pattern, but basically similar concepts. The
thermal conductivity of metals is strongly related to
their electrical conductivity, as heat is mainly carried
by free conduction electrons. However, only a small
fraction of them, proportional to the absolute tem-
perature, 7, is fit to take up any extra kinetic energy.-
A remarkable exception occurs when the metal has
become superconducting and the accompanying or-
dering of the conduction electrons excludes them from
heat conduction altogether. Moreover, in all solids, _
including non-metals, heat can be propagated by wave-
like lattice vibrations. These will undergo little pertur-
bation in a fine, pure crystal at very low temperatures,
this by itself enhancing thermal conductivity. However,
if the vibrational thermal energy is extinguished, as it
is near T = 0, no vehicles are left and so any solid will
ultimately be a perfect thermal insulator at absolute
zero. A

Another field of solid-state research which has gained
much from low temperatures is the study of magnetic
materials. In magnetically ordered systems, like ferro-
magnets, the elementary magnetic moments of the
electrons tend to take up parallel positions. Above a
certain temperature, the Curie temperature, this order
vanishes. At T = 0 the ordering is perfect. The interest-
ing thing is to discover what happens just above the
absolute zero, when a small fraction of the elementary
magnets are already starting to withdraw from their
ordered positions. More dilute magnetic systems are
now also being investigated, with materials that have
their Curie temperatures in the liquid-helium range, or,
more spectacular still, in the millikelvin region or
lower — with substances in which the tiny elementary
magnets of some atomic nuclei take up parallel posi-
tions. Such research is not only important for pure
science but equally valuable as background knowledge
which provides the electronics industry with its best
magnetic materials, be they for computer memories or
tape recorders. The work on magnetic resonance [4]
should also be mentioned (fig. 7). This dynamic phe-
nomenon is usually best observed at low temperatures
and its study has led to new materials for sophisti-
cated microwave components and devices, such as
radar and masers.

The use of low temperatures enhances research in
many other and quite different domains, for instance
luminescence, electrical breakdown or semiconduction.

31 An introduction is given in J. Volger, Solid-state research at
low temperatures, Philips tech. Rev. 22, 190-195, 226-231 and
268-277, 1960/61. . ]

(41 D. J. Kroon, Nuclear magnetic resonance, Philips tech. Rev.
21, 286-299, 1959/60.
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Yet all these success stories are surpassed by the
impact of two typically low-temperature phenomena:
superconductivity and superfluidity. At very low tem-
peratures many physical properties can be studied
‘under the magnifying glass’, as it were. However, in
the two phenomena just mentioned we have a unique
feature of the physical world such as has not hitherto
been observed under ordinary circumstances.

&

hy = £y &

&
H=0 H#0

Fig. 7. The principle of magnetic resonance. Nuclear levels or
atomic-energy levels split under the influence of a magnetic field
(the Zeeman effect). Radiation for which the quantum energy /v
is equal to the distance ez — &) between two partial levels — there
can also be many more — can be absorbed. This spectroscopy at
radio frequencies gives important information about the nuclear
magnetic moments and atomic magnetic moments in all kinds of
substances, and in particular about the effects of neighbouring
atoms. The method is of interest in solid-state physics, organic
chemistry, biology, etc. At low temperatures the lines of the
absorption spectra are usually sharp and strong.

Superconductivity and superfluidity

Upon cooling, a good many metals and alloys will
eventually become superconducting, but ferromagnetic
metals are among the exceptions. The superconducting
condition is such that, from the thermodynamical point
of view, the superconductor is to be considered as a
different phase, compared to the metal in its normal
state. The transition temperature at which super-
conductivity begins marks a phase transition — com-
parable with the transition of a liquid into a solid.
Though superconductivity has been known since 1911
when H. Kamerlingh Onnes and G. Holst discovered
the phenomenon while working with mercury, a true
understanding of it, including the interpretation of
such a basic datum as transition temperature, did not
come until the late fifties, primarily due to the work
of the Nobel prize winners J. Bardeen, L. N. Cooper
and J..R. Schrieffer. It seems appropriate to give here
a brief account of some characteristics of this wonder-
ful phenomenon and its analogue, superfluidity. Their
applications and interdisciplinary aspects will be dealt
with in the subsequent sections [5],

Superconductivity in essence means zero electrical
resistance. One of the striking consequences is the
possibility of maintaining an eternally persistent ring
current, once it has been established. A superconductor
is also a perfect diamagnet: up to a characteristic field-
strength it excludes a magnetic field by spontaneous,
persistent currents at its surface, thus compensating for
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the outer field, with the effect that internally, whatever
its previous history, it is absolutely field-free. Both
features are a consequence of the strong organiza-
tion of the conduction electrons. The basic concept
is that the superconducting state is a quantum state
on a macroscopic scale: one single wave func-
tion, a concept already familiar in nuclear, atomic and
molecular problems, is considered suitable to describe
the mean behaviour of all electrons and the physical
properties of the entire superconducting body. This
ordering process results essentially from a pairing of
electrons, an attractive binding through interaction
with the lattice. These pairs, consisting of two electrons
with virtually equal and opposite velocity, are looked
upon as a species of pseudo-particles. Governed by
their macroscopic wave function the conduction elec-
trons, particularly the centres of gravity of the pairs,
behave in perfect unison; the common velocity, which
is only small, determines the current, if any. Strangely
enough, the electrons themselves are scattered fiercely
by the impurities that are always present in a metal,
but the pairing overrules these disturbing effects: the
pairs, even in ever-changing combinations of partners,
may be considered as the stable surviving entities,
carrying the frictionless current in perfect match.

Yet the scattering process has an observable effect.
When the mean free path of the individual electrons is
very small, as is the case with alloys, the stiffness of the
macroscopic wave function is also somewhat limited.
This gives rise to a subclass of superconductors called
superconductors of the second kind. Superconductors
of the first kind resist a magnetic field by generation of
surface currents, up to a characteristic field-strength
He, typically of the order of magnitude of 100 kA/m,
followed by a complete breakdown into the ‘normal’
condition. However, a superconductor of the second
kind will resist the field completely only up to a much
lower field-strength Hei, after which the superconduct-
ing body starts admitting magnetic flux in the form of
millions of ‘flux tubes’. These are tiny vortex-like
structures, typically 100 um in diameter, each contain-
ing the same quantized amount of flux, 2 x 10-15 Wb.
This flux is generated by a certain density of the persist-
ent ring current circulating around its thread-like non-
superconducting core.

The occurrence of flux quantization is one of the
most striking aspects of the macroscopic wave function
mentioned. In between the flux tubes the sample re-
mains superconducting, until at last at a relatively high
magnetic field Hee, in exceptional cases even above
10 MA/m, the body is crammed full of flux tubes and
normal conductivity is restored. The picture has now
become somewhat more complex and in fig. 8 the
essentials are illustrated. When the average magnetic
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Fig. 9. The historical development of the highest known transi-
tion temperature T of superconductors.

haps being two superconductors in contact with each
other through a thin layer of isolating material such as
Al2Oz, obtained by oxidation of aluminium. The
typical property of superconductors is the long-range
phase coherence of their wave function and, as wave
functions are known to extend even through such
isolating thin barriers, the two superconducting bodies
can remain phase-locked. This means, as B.D.
Josephson predicted in 1962, that a supercurrent may
flow through the barrier and, indeed, zero resistance
has been experimentally verified. In retrospect it can be
concluded that experimental evidence for this effect
existed for many years without ever being properly
recognized.

The maximum supercurrent through the Josephson
contact is determined by the overlap of the partial wave
functions. When this maximum value is exceeded the
junction becomes resistant. It is not necessary to dwell
upon the many interesting features of Josephson junc-
tions, including their a.c. behaviour and their response
in magnetic fields. However, one \;ery sensitive meas-
uring device should be mentioned: this is known as
SQUID (an acronym for Superconducting Quantum
Interference Device), and consists of a closed super-
conducting circuit into which a Josephson junction has
been inserted. As long as the loop, including the
junction, is superconducting, the basic laws of electro-
magnetism require that it should contain a fixed number
of flux quanta. When placed in an outer magnetic field,
a loop current must and will be generated to preserve
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the flux. Since this current may bring the junction into
the resistive state the SQUID is able to detect magnetic
field variations, and that to a fabulous degree of sensiti-
vity, better than 10-8 A/m. This may prove most useful,
for instance in magnetocardiography (see below).

When liquid helium, the normal isotope 4He, is below
2.18 K it assumes an ordered state (He II), comparable
in many respects to the superconducting state of metals.
The helium atoms are then partially condensed into a
superfluid phase in which the liquid shows no vis-
cosity, at least not at low velocities. Here, too, the
physical situation is characterized by one macroscopic
wave function, or order parameter, which is phase-
coherent over the whole volume of the liquid. This
stiffness leads to the hydrodynamical property that
vortices and vortex rings, once generated, may persist
for ever and that their circulation is quantized.

The physics of superfluidity is as intriguing as the
physics of superconductivity. At finite temperature, but
below 2.18 K, a fraction of the molecules do not partic-
ipate in the ordering, so that the entropy differs from
zero. Now, one curious aspect is that when the liquid
is passed through a tube filled with very fine porous
material, such a porous plug being called a ‘superleak’,
virtually only the ordered part of the liquid flows
through. Ideally, the superleak produces helium with
zero entropy, i.e. essentially at zero temperature, but in
actual practice some disturbing imperfection or dissi-
pative process always occurs.

Cryogenic engineering

Liquefaction, handling, storage and use of oxygen,
argon, methane and helium have, as we saw earlier,
developed into large-scale industrial activities. A very
spectacular application is in space technology. The
large rockets that put a spacecraft into orbit contain
thousand-ton quantities of liquid hydrogen as fuel and
liquid oxygen as oxidizer; big quantities of helium
are needed as pressurizing gas.

" In interdisciplinary terms, perhaps the most interest-
ing scope of large-scale cryogenic engineering is the
application in electrical power equipment, in which
superconducting wires can be used: cables, trans-
formers and rotating machines (81, The expectations of
this revolutionary kind of engineering have been great
indeed, yet in reality there is no breakthrough and it is
worthwhile discussing the underlying factors.

The superconductors of the second kind mentioned
above may yet become the ultimate fulfilment of
Kamerlingh Onnes’s anticipation that they could
become vital to electrical engineering. This anticipation
was frustrated in his time; it was soon discovered that
for inconsiderable values of the current, and of the
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introduction of superconducting cables, during the
next ten or twenty years, say, probable. The same
applies to cryocables of non-superconducting metals,
like aluminium, used at temperatures of, say, 20 K so
that their resistance is dramatically reduced by a factor
of a hundred or so. :

As has occurred so often in the history of industrial
technology,. large-scale application of a revolutionary
development can be furthered by a convincing demon-
stration of a successful vehicle. It has been, and still
is, the hope of many workers in this field that the
use of superconducting coils in magnetic levitation for
high-speed rail transport may prove to be the break-
through vehicle. The idea appears sound enough.
In the densely populated areas of the world, millions
of people every day demand fast public transport
over ever-increasing distances, now up to hundreds
of kilometres. Air traffic does not yet appear to be the
best solution to this demand.

It is difficult to exceed the 200 km/h limit of rail cars
with normal rolling wheels because of problems in
stability. However, at 400 or 500 km/h, the best solution
may be magnetic levitation, with vehicles floating on a
bed of repellant magnetic forces. This would mean an
entirely new railway technology. At low velocity the
train could run on normal wheels, at higher velocity
strong magnets in the vehicles would induce magnetic
reaction fields in special, strongly conductive plates on
the track, so that both lift and guidance would be ob-
tained. Propulsion too would be by magnetic force and
here the linear induction motor may find one of its best
applications.

The greatest problem in the development of a levita-
tion train is the construction of sufficiently powerful
magnets. This type of transport is considered seriously
particularly in Japan but also to some extent in Europe.
In test facilities of intermediate size the feasibility of
superconducting magnet coils has already been demon-
strated, the advantages being more magnetic energy for
smaller size and weight, without energy loss. However,
the tremendous task remains of developing a reliable
cryogenic Systérh capable of operating on board a
train. Also, the electrodynamic parts of the develop-
ment programmes have still to be completed, needing
large-scale effort for the careful analysis of drag forces,
geometric tolerances and elastic deformation, tests of
measuring, control and steering equipment, the study
of starting and landing problems and so forth. At
present it is by no means clear what specifications will
finally emerge for a safe 500 km/h levitation train.
Some policy makers have already decided that a big
expenditure for such a train would not be appropriate
at present. After all, it is by no means yet clear whether
the pressing human communications problem will
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ultimately be solved by fast human transport or by
electronic data transmission.

Large-scale cryogenic engineering is used for the
gigantic magnetic coils of the elementary-particle
accelerators like those in the CERN unit in Geneva,
Switzerland, shown under construction in fig. 11, and
in the Fermi Laboratory, Batavia, Ill., U.S.A. Particles
coming from these accelerators collide, giving rise to a
variety of events and these can be made visible in a
hydrogen bubble chamber. The particles taking part in
an event leave tracks in the liquid hydrogen at 20 K in
the form of tiny vapour bubbles which can be photo-
graphed. The bubble chamber may consist of a vessel
4 m in diameter containing liquid hydrogen, and with
large windows in the thermally insulating walls. Around
the chamber a huge superconducting magnet coil pro-
duces a magnetic field of, say, 3 Wb/m2 in that large
volume of liquid hydrogen, so as to deflect the particle

“tracks, an essential tool in the analysis and identifica-

tion of the events.

In electronics, it was once believed that mass produc-
tion of the essential logic and memory elements for the
very large computers could best be done with the aid
of superconductivity. These elements, cryotrons, were
considered for miniaturization and large-scale pro-
duction with the help of cheap planar techniques.
Today, this approach is not considered to have much
chance of success, though the packing density, extreme
speed and negligible heat dissipation of recently con-
ceived elements, based upon the Josephson effect, are
very impressive indeed.

Cryobiology

Life itself cannot bear cold. Below —35 °C all elemen-
tary processes usually come to a standstill. Tissue may
become irreparably damaged at still lower tempera-
tures and the lethal effects of ice crystals in tissues are
especially to be feared. For certain micro-organisms it
was an important discovery that after immersion in
glycerol they could be subjected to slow, reversible
cooling and thawing. This led fo the widespread low-
temperature banking of living cells, especially sperma-
tozoa and red blood cells. These may survive the state
of anabiosis. However, there is as yet no hope for those
who want to preserve themselves or others in a state of
suspended animation by deep freezing. Cooling to low
temperatures takes too long for larger bodies; before a
temperature low enough to arrest decay and vital
processes can be reached, blood circulation will have
stopped, followed a few minutes later by irreversible
damage to the human brain.

Cryobiology includes investigations of living or-
ganisms under the influence of intense cold, such as
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vibrational modes carrying the heat bouncing against
the metal surface.

Recently, ingenious improvements for the classical
dilution refrigerator have been published. A flow pat-
tern of both liquids is added with respect to each
other, so that practically an ideal heat exchange results
from direct contact between the two phases (8], It
should be noted that the order of magnitude of the
cooling power of such devices, in the millikelvin range,
is still well below 1 mW. However, thermal insulation
techniques are almost perfect and the specific heat of
physical objects to be investigated at those low tem-
peratures is also usually small. The obvious advantage
of the dilution refrigerator is its continuous operation,
never achieved in adiabatic demagnetization. The
latter is essentially a one-stroke method.

A short final remark about another spectacular
discovery along the never-ending road to the absolute
zero. Many have speculated whether pure 3He, cooled
to sufficiently low temperature, would also become
superfluid. For some years now the answer has been
known: at a few millikelvins, roughly a factor of 1000
lower than 4He, 3He becomes superfiuid. The reason
for the differences in the properties of both isotopes is,
of course, that their nuclei are different. The 3He atom
has a magnetic nucleus and in terms of statistical
behaviour it is akin to the electron. Consequently, the
superfluidity of 3He resembles the superconductivity
phenomenon, the 3He atoms forming pairs just as the
electrons do in a superconductor. Research on 3He is
presently considered to be one of the main interests of
cryophysics.

Outlook

In this review many aspects of cryogenics have not
-been mentioned, for instance, the sophisticated thermal
insulation, indispensable in all cryogenic engineering,
or cryopumping. This is the condensation of gases to
liquids or solids with very low vapour pressures when
in contact with a very cold surface. It is probably the
fastest, cleanest and most effective way of obtaining an
ultra-high vacuum. If and when the large-scale use of

(81 F. A. Staas, Continuous cooling in the millikelvin range,
Philips tech. Rev. 36, 104-114, 1976; this article also gives
further references to the technical literature.
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hydrogen as an energy carrier becomes an important
contribution to the solution of the world’s energy
problems, cryogenic engineering will then be one of
the most essential technologies.

It has been my aim to illustrate the beauty of a
frontier science, which has found interesting applica-
tions to boot. In this respect low-temperature physics
does not differ from many other branches of physics
which are also developing at high speed, surprising us
again by the discovery of entirely new phenomena or by
the formulation of new basic concepts, helpful in an
understanding of nature. As was pointed out, low-
temperature physics has been and will remain one of
the pillars of the science of condensed matter, some of
its concepts having very wide application indeed. Take
superfluidity for instance: this phenomenon is known
so well now that it has been quite natural for astron-
omers to include superfluidity in their picture of neu-
tron stars! Some scientists believe that certain aspects
of the theory of superfluidity may be found to be of
crucial importance for the full understanding of life.

What else has nature in store for us as we manage
to produce ever-lower temperatures? We do not know.
It might be that in the microkelvin range the solid
system of nuclear magnetic moments with their feeble
interaction could disclose intriguing structures. Or that
the very low-frequency thermal excitation of compli-
cated crystals turns out to be interesting in that tempe-
rature range. For the time being many properties of
both helium isotopes remain puzzling.

The future may bring many practical surprises,
particularly in the use of superconductivity; unfor-
tunately the prospects for essentially higher transition
temperatures remain dim. The wide field of cryogenic
engineering, developing in interdisciplinary coherence
with low-temperature physics, will certainly remain the
interesting growth field it has been during the past
century. '

Summary. Some of the highlights and«disappointments 1n low-
temperature physics and technology aré presented in this article.
The emphasis is on concepts and trends rather than on a rigorous
and complete treatment. Cooling methods and the properties of
matter at low temperatures are discussed, both from a purely
scientific and an applied point of view, with some emphasis on
superconductivity. :
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Lithium niobate as a material
for holographic information storage

H. Kurz

The availability of the laser and holography in the sixties was a strong stimulus to the
development of ideas for optical storage devices, and set the pattern that was to be
followed for some years. Hopes at that time were high: main memories were envisaged
with bit densities of the order of 1 Gbit/mm3. Since then various possible systems — both
holographic and localized — have been investigated in various parts of the world, and
these studies are still continuing. The invariable conclusion has been that performance
targets would have to be less ambitious — though they were still worth aiming at —
owing mainly to limitations connectéd not with the optical part of the system but with the
storage material. Thin films of a suitable magneto-optic garnet are now expected to give
the best results for localized storage, and ferroelectric crystals whose refractive index can
be changed locally and reversibly by irradiation offer the best prospects for holographic
memories at Philips GmbH Forschungslaboratorium Hamburg. The article below deals
with an investigation of iron-doped lithium niobate as a potentially very useful storage’
material for three-dimensional phase holograms. In a subsequent issue we shall publish
an article on a device developed for magneto-optic memories at the Hamburg laboratories.

Introduction

Three main things are necessary for an optical mem-
ory: a material for storing the information, a light
source for read-in and read-out, and an optical system
to guide the light to the intended position.

In many cases the most suitable light source is the
laser, since it approximates closely to an intense mono-
chromatic point source. Now that lasers of many dif-
ferent types have become available, optical informa-
tion storage has come in for a great deal of attention
in recent years. Great advances have been made in the
development of optical subsystems, such as modula-
tors, beam deflectors and detector arrays {11,

The most difficult problem in making an optical
memory is usually the material in which the informa-
tion is stored. The material is required to have a high
bit density, a long life, to take little optical energy for
reading and writing, to allow stored information to be
erased and new information to be written in, and to
have a low cost per stored bit. In these respects optical

Dr H. Kurz is with Philips GmbH Forschungslaboratorium Ham-
burg, Hamburg, West Germany.

memories have to compete with existing systems, which
are mainly magnetic. The great virtue of optical mem-
ories is that they are able to handle large quantities of
information in parallel operation.

Optical memories may be divided into localized and
holographic types. In localized memories each bit
is separately stored at a small location on the memory
surface. We shall not be concerned with this type of
memory system here [2],

In holographic memories the information is written
in groups of bits on a larger surface, on which the
separate bits can no longer be localized. The principle
of a holographic memory is illustrated in fig. I. Here
again a laser is used as the light source. The laser beam
is divided into a reference beam and an object beam.
The object beam illuminates a semitransparent plate on
which the information to be stored is contained in the

[1]1 See for example M. Balkanski and P. Lallemand (eds.),
Photonics, Gauthier-Villars, Paris 1973.

21 See the article by H. Heitmann et al. to appear shortly in
this journal.
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form of an image or a coded pattern (e.g. a punched .

card or a passive display). The two beams are made to
converge on a small block of a suitable material, and it
is here that a hologram of the information package is
formed. The hologram can be read out later by
illuminating the block with the reference beam alone.
The resultant beam diffracted by the hologram is a
faithful reproduction of the object beam modulated by
the information. A lens produces an image of the

L,0L,
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ions, as a storage or memory material are discussed for
volume holograms.

Their use for this application is based on the change
produced in the refractive index of this material when
it is exposed to visible light or ultraviolet radiation.

A reversible change in the refractive index of LiNbO3
and of a number of other ferroelectric and paraelectric
substances exposed to laser radiation has been dis-
covered as a side-effect in experiments concerned with

c L ID

M=

Fig. 1. Optical diagram of a holographic memory. The beam produced by the laser L is divided
into two beams by means of a beam-splitter B. One beam illuminates the object O; this beam
is focused by the lenses Ly and Lz in a block C of a suitable material. The other beam is
projected on to C through the mirror M. Interference between the two beams produces a
hologram in C. The hologram can be read out by illuminating the crystal by the reference
beam BMC. The diffracted wave is identical with the object wave during the recording. An
image of the reconstructed object / is produced on the detector D by the lens Ls.

information pattern on a detector, which may be a
camera tube or an array of semiconductor detectors.

On read-out a complete package of information
becomes available at once. In addition, each bit is
spread out over a relatively larger part of the storage
medium than in localized storage, so that the informa-
tion is less vulnerable. These fea/tures distinguish the
holographic memory from the localized memory. But
there is another difference that makes the holographic
memory an attractive proposition.

When the thickness of the recording medium, the
block of storage material, is large compared with the
period of the interference patterns that form the holo-
gram, several holograms can be recorded one above
the other and read out again separately. This can be
done by means of the Bragg effect: a three-dimensional
diffraction grating only diffracts the light effectively
when it is incident at a particular angle. For a grating
or hologram formed by the interference between an
object beam and a reference beam, the direction and
wavelength of the incident beam must be the same at
read-out as those of the reference beam. If the volume
hologram is sufficiently thick the angle of incidence is
sharply defined [3], By rotating the block of storage
material between two exposures different holograms
can be stored and read out separately later.

In this article the properties of single-crystal lithium
niobate (LiNbOs), doped with iron or other metallic

nonlinear optics and optical modulation 4], This effect,
originally referred to as ‘optical damage’, occurs at
moderate light intensities. As is so often the case, what
was at first regarded as a nuisance turned out later to
have a useful application [5]. Three-dimensional mod-
ulation of the refractive index, produced by illumina-
ting the crystal by the interference pattern of two
beams, results in a phase hologram in the crystal.
Phase holograms have a high diffraction efficiency, i.e.
the relative power of the part of the read-out beam that
is defiected to the detector [31.

The following picture may be put forward to explain
the change produced in the refractive index. When the
crystal is exposed to illumination, charge carriers are
released and these move in a preferred direction because
of the asymmetric structure of the crystal. This results
in an electric current proportional to the illumination.
In addition, a photoconduction current is generated
which is proportional to the product of illumination
and the electric field-strength in the crystal. When the
illumination is spatially modulated, the current follows
this modulation and a space-charge field arises in the

31 R.J. Collier, C. B. Burckhardt and L. H. Lin, Optical holo-
graphy, Academic Press, New York 1971, particularly
chapter 10.

4 A. Ashkin, G. D. Boyd, J. M. Dziedzic, R. G. Smith,
A. A. Ballman, J. J. Levinstein and K. Nassau, Appl. Phys.
Lett. 9, 72, 1966.

51 F.S. Chen, J. T. LaMacchia and D. B. Fraser, Appl. Phys.
Lett. 13, 223, 1968.
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crystal. The total field in the crystal is the sum of the
space-charge field and any external field that may be
applied. Since lithium niobate is an electro-optic
material (this is also related to the asymmetrical
structure of the crystal) the refractive index changes by
an amount proportional to the total field.

In the next section we shall examine the dynamics of
this chain of effects. It is found that the change in
refractive index exponentially approaches a saturation
value. The time needed to reach a given percentage of
the saturation value is inversely proportional to the
photoconduction coefficient. As a result of the same
photoconductive effect any refractive-index distribu-
tion present is erased by illumination. A hologram can
thus be erased by homogenous illumination, making
the crystal useful as a reversible memory material. This
also means, however, that on read-out of the stored
information or when a hologram is written in later the
information present in the crystal is partly erased.
What is more, erasure has the effect of eliminating all
the information stored in the crystal; it is not possible
to erase a number of stored holograms and to let the
othiers stored in the same volume remain.

The quantity of exposure energy necessary to reduce
a refractive-index change to half its value is equal to the
energy necessary to reach half the saturation value in
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The next section describes how the diffraction grat-
ings with a period of about I um can be written into
the medium by interference between two coherent
beams. The diffraction efficiency of such a grating as a
function of the energy necessary for writing it in or
erasing it is an important indicator of the usefulness of
the material in optical memories.

The refractive-index change depends not only on the
wavelength of the light but also on the concentration
and nature of the metal ions in the crystal. Our in-
vestigation of the properties of materials, which is
discussed in the third section, has mainly been con-
cerned with iron as the dopant. It is found that charge
transfer between divalent and trivalent iron ions causes
the photocurrent on which the effect is based.

Erasure during read-out can be avoided by giving
the material a thermal treatment during the recording;
this method is also described in the third section.
Thermally fixed holograms can be used for permanent
information storage ; the storage time is a few years.

Owing to the erasure effect a non-fixed hologram
can only be read out a finite number of times. The
number of holograms that can be stored in a crystal is
therefore limited to a few hundred. For storing one
hologram only a very small area is necessary. The
maximum bit density is about 5x 108 bits per mm?2. In

Table I. Properties of LiINbO3 as a memory material.

Resolution
Efficiency:
for a single hologram
for storage of more than one hologram
Minimum writing energy
Number of read-outs
Erasure energy
Number of superimposed holograms
Capacity
Storage time at room temperature

Reversible Fixed
> 104 lines/mm not known, but lower
95% 95%
0.01-1% upto19%
0.1-10 mJ/cm? 2-13 J/cm? [14]
105-107 1010
1-100 J/cm?2 not applicable
100-500 > 500
108-5 X 108 bits/mm?| > 53X 108 bits/mm?2
15 min-300 days 2-3 years

writing in the information. Since it is not always nec-
essary to approximate closely to the saturation value
to obtain an adequate diffraction efficiency, informa-
tion can be written in with much less energy than is
required for erasure.

The time for which a recorded hologram can be
stored in the dark depends on the conductivity caused
in that state by thermal excitation of charge carriers.
Atroom temperature lithium niobate is a poor conduc-
tor and the storage time is then of the order of some
tens of hours.

the fourth section expressions will be derived for the
number of times a hologram can be read out, for the
number of holograms that can be stored and for the
minimum energy needed for writing a hologram in.
Finally, there is a description of some experiments with
reversible and permanent information storage in digital
and analog form.

- The main results of the experiments with diffraction
gratings and holograms are presented in Table 1. These
results show that reversible and permanent informa-
tion storage is possible in LiNbOs crystals with a very
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high bit density and a reasonable read-write sensitivity.

Apart from their use in optical memories, LiNbO3
and related optical materials (for example KNbO3 and
BaTiOg, all of them ferroelectric) also have potential
uses in many other electro-optic components such as
waveguides, modulators, variable beam-splitters, holo-
graphic filters, optical coding, scanners and colour
holograms. These applications will not be dealt with in
this article.

Dynamic behaviour of the refractive index during irra-
diation

The way in which an LiNbOj crystal doped with iron
or copper oxide behaves under uniform illumination is
illustrated in fig. 2. When the end c-faces of the crystal
are short-circuited, a photocurrent proportional to the
intensity of the illumination flows in the direction of
the c-axis.

Until the crystal has reached equilibrium, there is a
progressive change in the permanent dipole moment,
and this change sets up an induced current. This pyro-
electric current component [6], which also occurs when
the illumination is switched off, will not be taken into
account in the discussion.

The current in the z-direction is given as a function
of the incident radiant intensity /(z) — for convenience
we assume that this depends only on the coordinate z
in the direction of the c-axis — and the electric field
E(z,t) by [7]:

Jo(z,t) = Koal(z) + K10l(2)E(z,t) + opE(z,1), (1)

where o is the absorption coefficient and Ky and Kj
are constants that depend on the wavelength of the
incident radiation and on the concentration and nature
of the dopant. Fig. 3 gives a graph of the measured
photocurrent values as a function of an external e.m.f.

The last term in (1) is also found when there is no
irradiation; op is the conductivity of the unilluminated
crystal, Lithium niobate is an extremely good insulator:
the third term in (1) may be regarded as negligible com-
pared with the other two when the intensity of the
incident radiation is moderate.

The second term in (1) is a photoconduction current
and as such is nothing out of the ordinary: there are
plenty of materials that become conductive upon irra-
diation. The first term in (1) also gives a current when
there is no field, for example with uniform illumination
and the end faces of the crystal short-circuited. D. von
der Linde and A. M. Glass [8] explain this current by a
photovoltaic volume effect. This could arise from the
presence of substitutional lattice defects (e.g. Fe2* ions)
which give rise to anisotropic excitation and transport
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Philips tech. Rev. 37, No. 5/6

of charge carriers. A complete explanation of the effect
on a microscopic scale has not yet been given. It has,
however, been established that impurities (in particular
iron ions) play an essential part more will be said
about this later.

The rest of this section will be confined to a descrip-
tion of the effects, taking eq. (1) as our starting point.
When the magnetic field is neglected, Maxwell’s equa-
tions give the following relation between current and
field:

. 0E
JAz,t) + st = jo(2). @
Here eg is the dielectric constant and jo(z) is the

external current, which depends on the circuit to which
the crystal is connected.

?

A —

— ey
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o

Fig. 2. The current j; in a short-circuited LiNbOj crystal as a
function of time # when a uniform illumination 7 is switched on
and off. The switching peaks are due to the pyroelectric effect;
the current takes a certain time to reach the steady-state value
Koal. In the diagram the arrow indicates the direction of the
c-axis and the saturation field; 4 is a sensitive current indicator.

20nA fem?
J2

[

A =500nm

|
| I=100mWem?
Koal  E; | a=50cm™
1 l 1 ! 1
-150 =100 -50 0 50kV/cm

Fig. 3. The photovoltaic current j; as a function of an external
field Eg during homogeneous illumination at a given intensity and
wavelength. The value of the current for £y = 0 is given by Kopal,
the slope of the characteristic by Kiol. When o and I are known
it is possible to determine Ko and Ki.
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From (1) and (2) we obtain a differential equation for
E(z,t), which can be solved after determining the
boundary conditions jo(¢) imposed on the crystal. We
shall now try to show that in practical cases jo may be
taken as very nearly constant.

When the crystal is connected to a current source, jp
is at once established. An open-circuit, for which jo =0,
is a special case of current control. When the crystal is
connected to a voltage generator, the average field is
equal to the e.m.f. of the generator divided by the
length of the crystal. From eq. (2) we see that in this
case jp is equal to the average of j,(z,t) over z. A short-
circuited crystal is a special case of voltage control,
with the external current j, approximately equal to
Koaly, where Ij is the mean of I(z), as follows from (1).
The approximation is valid for a small modulation
depth of 1(2).

The solution of equations (1) and (2), if jo is constant,
may be written as:

E(z,t) = E(z,0)e-1@UU - E(z,00)(1 — e~I@H/U), (3)

where U = ¢go/Ki. The field at the time 1 = 0, E(z,0),
does not necessarily have to be zero or even homogene-
ous: an external e.m.f, may have been applied, and as a
result of a previous illumination a space-charge field
may have remained in the crystal.

For prolonged illumination the field tends towards a
saturation value E(z,00) given by:

Jo— Koa@

E(z,00) = _—Klot-l(.-z) Ton

@
For an open-circuit E(z,00) is approximately equal to
—Ko/K1. For a short-circuit and a small modulation
depth of I(z), E(z,00) is given by:
Ko Io— I(2)
E(z,00) = 5 ®)
where op is assumed to be negligible compared with
Kyaly. We see that for a short-circuit the saturation
field is proportional to the modulation index of the
interference pattern. As long as the modulation depth
is small, the crystal therefore behaves as a linear storage
medium.

From (3) and (4) it follows that the parameters
Ko/K1 and U determine the dynamics of the field
distribution. The constant Ko/K, which will be called
Eg from now on, has the dimension of a field and deter-
mines the magnitude to which the saturation field can
grow. The constant. U has the dimension of an energy
density and determines the rate at which the saturation
is reached during constant illumination. The orders of
magnitude of Es and U are 100 kV/cm and 100 J/cm2.

Equations (1) to (5) constitute a simple model for the
dynamics of the field in the crystal. Owing to the
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presence of this field the crystal lattice is locally de-
formed and the refractive index for light perpen-
dicularly incident on the z-axis is changed. In lithium
niobate this change can be quite considerable, owing
to the polar asymmetry of the crystal.

The refractive index change An caused by a field in
the z-direction is given by:

An(z,t) = %n3"33E(Z,t)’ (6)

where »n is the refractive index and rg3 is an element of
the electro-optical tensor [9l.

The way in which irradiation brings about a change
in the refractive index has been shown. When the
illumination is switched off, equations (1) and (2)
indicate that the field distribution decays exponentially
with a relaxation time #p = ¢gofop. The quantity ¢p is
called the storage time, which may range from many
hours to days, depending on the dopant concentration.

To erase a refractive-index change rapidly, the
crystal has to be shorted and uniformly illuminated.
From (5) we see that the existing refractive-index dis-
tribution is then driven to zero. This takes place
exponentially with a relaxation time U/Ip:

An(z,t) = An(z,0)e—1o%/U, @)

The parameter U is one of the factors that determines
the capacity of reversible memories in which the storage
medium is LiNbOj3. We shall return to this subject
presently.

Write-in and read-out from a diffraction grating

Write-in

The change brought about in the refractive index by
irradiation can be measured by illuminating the crystal
with two coherent beams (see fig. 4). A three-dimen-
sional diffraction grating is then produced in the crys-
tal; the intensity of the light diffracted by this grating
during illumination is a function of the parameters of
interest in the storage of information. Since a hologram
is also a kind of diffraction grating, the measurement
made in this way gives a good indication of the use-
fulness of the material as a storage medium for holo-
grams.

Interference between the incident waves gives rise to
an intensity distribution of the form

I(z) = Ip(1 + mcos Kz) ®

61 C. Kittel, Introduction to solid state physics, 4th edition,
Wiley, New York 1971, page 477. See also E. T. Keve, Philips
tech. Rev. 35, 247, 1975. ) :

(7 H. Kurz, Ferroelectrics 13, 291, 1976.

81 D. von der Linde and A. M. Glass, Appl. Phys. 8, 85, 1975.

[91 J. F. Nye, Physical properties of crystals, Oxford University
Press, London 1957.
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in the crystal. The modulation depth m depends on the
ratio of the intensities of the interfering beams, the
wave number K on the angle between their directions of
propagation. If we insert (8) in our model (1)-(5) we
can calculate the change in refractive index at the

cﬂ/g

M=

Fig. 4. Experimental arrangement for write-in and read-out of
diffraction gratings. The beam from the laser L is divided into two
beams by means of a beam-splitter B. One beam is projected on
to the crystal C through a mirror M, the other beam is passed
through a shutter S. The polarization of the beams is parallel to
the plane through the directions of propagation and the c-axis of
the crystal. On read-out the shutter S is closed and the crystal is
illuminated with the beam R; the diffracted light is received by
the detector D.

—_— )

600 500 400 350nm
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Fig. 5. The current jz and the saturation field Es for reduced and
oxidized crystals as a function of the wavelength 2 of the illumina-
tion (the photon energy Av is also indicated). The intensity of the
illumination was 100 mW/cm? in all cases. The difference between
the characteristics at an external field E = 0 and at £ = 100 V/mm
is proportional to the product Kie.
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position z. From (5) it follows that the saturation
value is:

An(z,00) = Ang . m cos Kz, ®

where Ang = 4n3rs3Es. We have assumed here that the
crystal was short-circuited. From (3) we see that for a
previously unilluminated crystal the refractive index is
given as a function of time by

An(z,t) = An(z,00)(1 — e~1@1¢/U),

(10

In our investigation of materials, described in the
next section, we measured the writing sensitivity S.
This is defined as the derivative of the amplitude of the
refractive-index distribution with respect to the illu-
mination I(z)t in the limit for small values of I(z)z.
From (9) and (10) we find:

_ mAng
U

(11

The quantity S is the illumination necessary to obtain
a given refractive-index modulation mAns. It follows
from (7) that the illumination necessary for erasure
must always be a few times greater than U.

Read-out

When a crystal containing a diffraction grating is
illuminated by a beam of the same wavelength and
direction as one of the beams used for writing in the
grating, light is diffracted in the direction of the other
writing beam. The power of the diffracted beam is a
function of the amplitude of the refractive-index dis-
tribution An(z,t) in the crystal. The ratio #; of the dif-
fracted and incident power is called the efficiency. For
a crystal of absorption coefficient o and thickness 4,
where the refractive index is modulated by an amplitude
Anj, the efficiency is given approximately by 101,

:rzAnl 1—e—d

= Re—ad/co86 gin2 —_— 12
n © ' %Zcos@ o % 12)

where @ is the angle between the bisector of the beams
and the normal to the crystal surface. In the following
we shall use the approximation cos 8 a2 1. The factor
R is a correction for reflection losses at the front and
rear faces of the crystal. These are considerable, since
the refractive index is fairly high (about 2.5). In addi-
tion, unwanted multiple reflections may occur. These
side effects can be substantially reduced by means of
vapour-deposited antireflection layers. The maximum
efficiency is then approximately equal to e-#4, that is
to say the light that is not absorbed is diffracted.

In formulating eq. (12) the exponential decay of the
refractive-index modulation along the direction of
propagation of the light was taken into account. If the
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argument of the sin? function is equal to /2, the
efficiency is at a maximum. In practice, the maximum
efficiency can be obtained with a crystal about 0.2 mm
thick. At a wavelength of 500 nm we then have a
refractive-index modulation with an amplitude of
about 10-3.

Resolution

In the derivation of our model (1)-(5) it was assumed that the
current depends only on the illumination and the local field.
This is not strictly true, since the charge carriers are displaced
because of the presence of potential and concentration gradients.
This may give rise to a displacement and a decrease of contrast in
the diffractive grating produced. In lithium niobate both the
diffusion length and the drift length of the charge carriers are less
than 10 nm, so that the effect is negligible with a grating period
of the order of 1 pm.

The constants Ko and K1 are based on transport lengths, which
are proportional to the product of the mobility and lifetime of the
charge carriers. If the writing or erasure sensitivity, which depend
on Ky and K3, were to be made greater, the resolution might
deteriorate.

Materials and treatment of materials

In the previous section we saw that the exposure
energy U necessary for obtaining the maximum refrac-
tive-index change depends on the photoconduction
constant K3 and the absorption coefficient «. The max-
imum amplitude of the refractive-index modulation is
proportional to Es (= Ko/K1). The material constants
Ka, o and Ejg are functions of the wavelength; they also
depend on the nature and concentration of the impurity
in the crystal, and can therefore be controlled by treat-
ment of the material. The other constants that play a
part in the writing in are not readily accessible to con-
trol. Their values are therefore given for a wavelength
of 500 nm:

e =32,
n=2.55,
raz = 2.2x10-9 cm/V,
indrgs = 1.7x 108 cm/V.

The absorption spectrum of iron-doped lithium
niobate has characteristic bands at photon energies
of 1.1eV and 2.6 eV. Strong absorption occurs at
photon energies higher than 3.1 eV. The two bands at
1.1 and 2.6 eV are correlated with the presence of Fe2*
ions. This has been confirmed both theoretically and
experimentally in a study that also included EPR and
Moéssbauer spectroscopy [*11. At a given concentration
of Fe ions in the crystal, determined by addition of
Fe203 during growth, the concentration of Fe2+* jons
can be varied by reduction or oxidation.

It has been found that the writing sensitivity .S of the
crystal, which from (11) is proportional to the ratio of
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Ang to U, and hence is proportional to Kpa, first in-
creases with rising relative Fe?* concentration and then
decreases. It might be deduced from this that Kj is
proportional to the concentration of Fe3+ ions. Little
is to be noticed of the presence of Fe3+ ions in the
absorption spectrum in the visible region — apart from
a few weak bands at 2.55 and 2.95 eV, which are at-
tributed to Fe3+. Evidence that Ky depends on the Fe3+
concentration is therefore somewhat indirect.

The values of Koo and Kja can be determined not
only from optical measurements but also from the cur-
rent under homogeneous illumination at a given exter-
nal field. Eq. (1) shows that the current is linear in both
intensity and field-strength. Fig. 5a shows the results of
measurements of the photocurrent as a function of
wavelength at constant intensity, both with and without
external field [12), The current when the crystal is short-
circuited is proportional to Ky, and the difference
between this and the current found when an external
field is applied is proportional to Kiz. A high field
(100 V/mm) has to be applied to observe any appre-
ciable difference between the two values in the visible
region: the photoconductive effect is clearly weak
compared with the photovoltaic effect. Fig. 5b shows
the spectral distribution of the constant Es, which
determines the saturation value of the change in re-
fractive index. There is a marked difference between
the two figures: the values of Kj and « clearly increase
considerably in the near ultraviolet, whereas Ky is large
only in the visible region. The increase in the absorp-
tion coefficient a is so large that the writing sensitivity S,
which is proportional to Ko, increases strongly in the
near ultraviolet.

The effect of oxidation and reduction is also shown
in fig. 5: reduction can cause a considerable increase in
the visible region both in the photocurrent and in the
saturation value of the refractive index. It can also be
seen that the photoconduction current in the near
ultraviolet is greatly increased by oxidation. Since U is
proportional to 1/Ki e, an increase in this current com-
ponent is connected with a greater erasure sensitivity.
Reduction causes a very marked increase in the absorp-
tion coefficient «. In an untreated crystal after growth,
a is of the order of 10 cm-1; after heating in an argon
atmosphere, « can rise to 100 cm™1.

The conclusion that we may therefore draw is that
diffraction gratings or holograms can best be written

{101 N, Uchida, J. Opt. Soc. Amer. 63, 280, 1973.

[11] See H. Kurz, E. Kritzig, W. Keune, H. Engelmann, U.
Gonser, B. Dischler and A. Riuber, Appl. Phys. 12, 355,
1977.

This study was undertaken by Philips Forschungslabora-

torium Hamburg in cooperation with the University of the

Saarland at Saarbriicken and the Institut fiir Angewandte

. Festkorperphysik at Freiburg im Breisgau, West Germany.
[12] R, Kritzig and H. Kurz, Ferroelectrics 13, 295, 1976.
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Fig, 6. Maximum refractive-index modulation Ang as a function
of the Fe20O3 concentration.

and read in visible light (e.g. with an argon-ion laser)
and in a reduced crystal, whereas oxidation and ultra-
violet light (Kr laser) are better for erasure.

So far it has been assumed that the concentration of
iron ions (irrespective of the valency) is constant in the
crystal. If this concentration is varied in crystals that

H. KURZ
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maximum at a concentration of 0.1 wt % of FexOs.
Since Ko is approximately constant in that range, K3
must therefore pass through a minimum. A concen-
tration of about 0.1 wt %, of FesOg is therefore satis-
factory for the rapid writing and frequent reading of
information, but erasure is difficult. As an illustration
a graph of Ans as a function of the FeaO3 concentration
is shown in fig. 6. The experiments mentioned above
lend support to the explanation of the effects noted by
Von der Linde and Glass [8l. More study is required
before the mechanism can be described in detail.

One thing is certain, however: in iron-doped lithium
niobate the Fe2* jons are the donors from which the
charge carriers originate that give the photocurrent.
From the fact that in a short-circuited crystal the
external current tends towards a saturation value, it
follows that the Fe3+ ions act as acceptors for the
charge carriers. Otherwise, of course, charge-carrier
depletion would occur.

To conclude this section, Table II shows some
representative values for the constants Ky and K and
for the parameters Ang and S that may be derived from
them. The values of o and of the storage time are also
given, since they are relevant to holographic memories.
It can be seen that oxidation has the effect of drastically
increasing the storage time.

Table II. Material parameters (A = 514 nm).

Concentration Chemical Optical Photo- Photocon- | Sensitiv- | Refractive-| Storage
treatment | absorption| voltaic ductivity ity [*1 index time
o constant constant change
(2.6 eV) Kox10° K1 x 1014 Sx104 Ansx 104 to
cm—1 Acm/W cm?/QW cm?/Ws in days
wt % FeaO3
0.1 None 18 2.0 1.66 0.27 3.0 0.5
0.1 Reduced 54 1.66 1.3 0.66 3.2 —
0.1 Strongly
. reduced 134 1.11 1.6 1.13 1.66 —
0.015 None 1 1 4 0.04 1.0 10
0.015 Oxidized — 0.2 2 — 0.4 100
wt. % CuO
0.25 None 1 0.3 3 0.004 0.4 50

[*1 Eq. (11) shows that the sensitivity is proportional to the modulation depth m of the illumination. In our

experiments we kept to m = 0.4.

have undergone the same thermochemical treatment,
we can see the following (111, The writing sensitivity S,
which is proportional to Kpe, first increases as the
square of the concentration, and then linearly. Since
the absorption coefficient « increases linearly with con-
centration, we conclude that K tends towards a satura-
tion value. The saturation value Ang of the change in
refractive index, which is proportional to Ko/K3, has a

Thermal fixing of the refractive-index distribution

The erasure of stored information during read-out
can be prevented by fixing the refractive-index distribu-
tion. In this section we shall consider a method in
which the refractive index is thermally fixed by record-
ing the hologram at an elevated temperature and then
cooling the crystal to room temperature 131, This
method has the incidental advantage that where several















Philips tech. Rev. 37, 121-123, 1977, No. 5/6

121

 Determination of zinc-diffusion profiles
in gallium phosphide and gallium arsenophosphide
with the aid of radioactive isotopes

Zinc is widely used in semiconductor technology as
an acceptor in group III-V compounds. Important
~ representatives of these compounds are GaP, GaAs
and their mixed forms, which can be used as the start-
ing material for the manufacture of light-emitting
diodes (LEDs). For good efficiency light-emitting
diodes should have the P-N junction situated close to
the surface, which implies that the P-type dopant — in
this case zinc — should not extend very far into the
N-type material, preferably to a depth of no more than
5 to 10 um. The zinc is diffused into the N-type mat-
erial at high temperature.

Little is known about the profile of the zinc concen-
tration from the surface to such a shallow P-N junc-
tion; until now it has only been possible to measure
thick diffused layers (50 to 500 pm). The usual method
is to lap or etch away the doped material in steps and
to determine the zinc content of the successively
removed material, with the thickness of the removed
layer generally determined by weighing. Such methods
are not suited for sufficiently accurate analysis of sub-
micron layers 0.1 um thick, which is necessary when
the total layer thickness is 5 um.

The principle of our new method is twofold. The
gallium compounds are anodically oxidized giving a
thin layer of uniform thickness, and this oxide layer is
selectively dissolved by an etchant [1). Accurate meas-
~urements of the oxidized material and the zinc content
are carried out by means of a ‘double tracer technique’,
using the radioactive nuclides 32P and ¢Zn. The
thickness of the layers removed by etching is deter-
mined from the measured quantity of 32P, and the zinc
present in the material is determined from the quantity
of 65Zn,

In principle this method can also be used for deter-
mining doping profiles in other semiconductor mat-
reials. A condition is that the half-life of the nuclides
used should not be too short and it must also be pos-
sible to discriminate one radiation from the other.
From now on we shall only consider GaP.

The specimens for measurement are prepared from
a GaP substrate on which an N-type epitaxial layer of
GaP or GaAsg.1Po.9 has been formed. Radioactive
65Zn is diffused into the epitaxial layer at 675 °C for
2.5 to 16 hours (65Zn has a half-life of 244 days and a

gamma-radiation energy of 1.115 MeV). The diffusion
source is an alloy of 70 wt %, Zn, doped with 65Zn, and
30 wt %, Ga (specific activity 4 GBq/g; 1 Bq =1 bec-
querel = 1 disintegration/second). The diffusion takes
place in silica capsules with a volume of 10 cm3. At
675 °C the zinc pressure is about 2700 Pa (20 torr).

Fig. 1. Arrangement for the anodic oxidation of a specimen S.
G glass plate. T conducting track. C platinum cathode.

After diffusion, the layer is removed from the edges
and from the substrate side, and the specimen is then
placed for 5 minutes in a neutron flux of about
5% 1013 neutrons/cm?s. From the gallium radioactive
72Ga is formed (half-life 14.1 hours) and from the phos-
phorus radioactive 32P (half-life 14.3 days). The specific
activity of the 85Zn changes by less than 0.1 %, under
this irradiation, a change that may be considered neg-
ligible. To permit the quantities of material to be cal-
culated correctly, two reference specimens of undoped
GaP are irradiated at the same time.

After a waiting period of about 280 hours (i.e. about
20 half-lives) the 72Ga activity has decreased to a neg- '
ligible level compared with the 32P activity. The spec-
imen to be measured can then be anodically oxidized.
The method is illustrated in fig. 1. The specimen S is
provided with a non-rectifying contact layer on the
substrate side and is then attached to a glass plate G
on which a conducting track T has been formed. The
track T makes contact with the contact layer. To
prevent T from coming into direct contact with the

111 ¥, C. Verplanke and R. P. Tijburg, J. Electrochem. Soc. 124,
802, 1977.
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anodizing bath [2] it is coated with adhesive wax. The
cathode C is of platinum. During oxidation the voltage
V is held to a value such that the current is no more
than a few mA per cm? of specimen surface. However,
V must not exceed 150 V [3), otherwise the surface
will be irregularly oxidized. After 3 minutes at this
voltage a layer of GaP 0.10 pum thick is converted into
oxide. (For GaAso.1Po.9 the thickness is 0.14 pm.)

The oxide layer thus formed is next dissolved
selectively, i.e. without attacking the underlayer, in hot
phosphoric acid at a concentration of 10%,.

Once a layer of the desired thickness has been
removed, which may require repetition of the process,
the anodizing and the etching baths are both analysed.
This is done because 85Zn and 32P are dissolved in the
anodizing bath as well as in the etching bath. Cal-
culated in terms of total amounts of removed material,

it is found that 5% of the 32P and 70% of the 85Zn are
dissolved in the anodizing bath. The layer thickness is
determined by measuring the 32P activity by means of
the Cerenkov radiation excited in the two baths because
of the high velocity of the emitted fS-particles. The
intensity of the Cerenkov radiation is determined with
a liquid scintillation spectrometer. From the 32P
activity, originating from the reference specimens, and
the mass of the reference specimens, it is possible to
calculate the conversion factor to be used for the deter-
mination of the quantity of dissolved specimen mat-
erial. The quantity of radioactive zinc is determined
from the emitted gamma-radiation (energy 1.115 MeV)
by a Ge(Li) detector connected to a 2048-channel
gamma spectrometer (1 keV per channel). This method
of measurement is particularly suitable for 85Zn con-
centrations that are so low that the fluctuations of
background radiation become significant. For higher
65Zn concentrations, measurements using an Nal(TI)
scintillation detector in the range from 1.00 to
1.25 MeV are more accurate because of the high ab-
sorption coefficient of the detector for gamma radia-

tion. Conversion of the 65Zn activity into the quantity

of zinc is carried out in the same way as for the 32P,

It has been found that the accuracy of the thickness
measurement is about 39;; the accuracy of the zinc
determination is 5%, for quantities of zinc greater than
10-11 g, The results obtained are so good because none
of the removed material escapes measurement. A good
check on the accuracy of the thickness determination
is to add the molar fractions of the group-III element
and those of the group-V element in both baths and to
compare the results; since the ratio of Ga to P in GaP
is 1:1, this should also be found in the baths.

Figs. 2 and 3 show a zinc-diffusion profile (dashed
line) measured by this method in GaP and in
GaAsg.1Po.9. In the first 50 nm the zinc concentration

J. C. VERPLANKE AND R. P. TUBURG
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Fig. 2. The concentration czn of zinc atoms diffused in GaP
(dashed line) as a function of the depth d under the surface. The
donor concentration c4 in the material is 9 X 1016 at/cm3; the
P-N junction thus lies at a depth of about 5.5 um. The solid
line is a calculated doping profile.
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Fig. 3. As in fig. 2, but now for GaAso.1Po.0. The P-N junction
here lies at a depth of about 7 pm.
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is very much higher than elsewhere, an effect which has
not yet been fully explained. At a depth of about 3 um
there is a kink in the curve in fig. 2; this kink is not
attributable to inaccuracy in the measurement. It can
be explained qualitatively as due to the diffusion of gal-
lium vacancies. The curve in fig. 3 also has a slight kink.
The P-N junction in fig. 2 lies at a depth of about 5.5 um
(the donor concentration cq is 9 X 1016 at/cm3) and in
fig. 3, where cq = 1.8 X 1018 at/cm3 (outside the figure),
it lies at a depth of 7 pum. The solid line represents a
calculated doping profile, based on the theory that the
zinc-diffusion coefficient is not constant but increases
with the square of the zinc concentration [4). This is
connected with the fact that a zinc atom may arrive at
a substitutional or an an interstitial lattice site where it

[21 The composition of the anodizing bath is described in
H. Hasegawa, K. E. Forward and H. Hartnagel, Electronics
Letters 11, 53, 1975.

[31 R. A.Logan,B. Schwartzand W. J. Sundburg, J. Electrochem.
Soc. 120, 1385, 1973.

[41 L. R. Weisberg and J. Blanc, Phys. Rev. 131, 1548, 1963.

[51 C. van Opdorp, Solid-State Electronics 11, 397, 1968.
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may act as an acceptor or a donor. It follows from the
curves that the surface diffusion coefficient Do is
4.3x10"12¢cm?/s for GaP and 6.5x10"*2cm?/s for
GaAsp.1Po.0. Normalized to a concentration czn of
1018 at/cm3 at the surface this gives a diffusion coef-
ficient of 1.1x10722cm?/s and 8.9 1013 cm2/s re-
spectively. The curves also confirm the interstitial
nature of the diffusion.

From the diffusion profile in fig. 2 we calculated a
concentration gradient of 1.1x 1022 at/cm? near the
P-N junction [°1. This value agrees well with the value
of (1.3 4 0.3)x 1022 at/cm? determined by measuring
the capacitance as a function of the voltage across the

"P-N junction.

J. C. Verplanke
R. P. Tijburg

Ing. J. C. Verplanke and R. P. Tijburg are with Philips Research
Laboratories, Eindhoven.
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A channel-plate image intensifier for hard X-rays

V. Chalmeton

In industrial radiography the objects usually give greater absorption than in medical
X-ray diagnostics. For this reason it is often necessary to use higher supply voltages for
the X-ray tube in industrial applications than in medical applications. A higher tube
voltage has two advantages here; the X-rays generated have a shorter wavelength and
thus a greater penetrating power, and a higher radiation intensity is generated for the
same dissipated power. To satisfy the requirements for radiation protection at the higher
voltages the X-ray tube and the object under investigation are placed in a cage that
has to be locked during irradiation and whose walls are lined with lead. If the information
is not to be recorded on X-ray film — which does not give immediate results and uses
raw materials such as silver, which is becoming extremely expensive — then the informa-
tion must be obtained in a suitable form for display outside the cage on a closed-circuit
television system. An X-ray image intensifier has been designed for this purpose and
optimized for a tube voltage of 400 kV, a voltage that is used in industrial radiography

Jor a number of special applications (e.g. in pipelines and spacecraft).

An X-ray image intensifier for use in some types of
industrial radiography has to be optimized to operate
at a tube voltage of about 400 kV, a supply voltage now
available for industrial radiography. The intensification
of the brightness (luminance) must also be variable
over a wide range to allow for marked variations in the
thickness of an object, and hence in its absorption. It
is also desirable that the image intensifier should cause
as little optical distortion as possible. Since these
requirements differ somewhat from those imposed on
an image intensifier for medical X-ray diagnosis, a
medical X-ray intensifier [1), which is designed to
operate at tube voltages between 100 and 150 kV, is
not suitable for all industrial applications.

In the X-ray spectrum emitted at a tube voltage of
400 kV the average energy of the X-ray quanta is about
200 keV. As can be seen in fig. I, the intensity reduction
that the primary X-ray beam undergoes in this case in
passing through an object is largely due to Compton
scattering, especially in materials with a low atomic
number. The scattered radiation produces a continuous
background in the X-ray image and hence reduces the
contrast. Since, however, the Compton-scattered quanta
have less energy than the primary quanta, it is possible
in principle to reduce the background by means of

Dr V. Chalmeton, Ing. E.S.E., is with the Laboratoires d’Electron-
ique et de Physique Appliquée (LEP), Limeil-Brévannes (Val-de-
Marne), France.

selective detection of the quanta of primary energy.
We have in fact accomplished this by using as the input
screen of the image intensifier a metal foil of the kind
long used for certain applications as an intensifying
screen for X-ray film [2],

A metal foil as the input screen for an image intensifier

The operation of a metal foil as the input screen of an
image intensifier for relatively high quantum energies is
partly based on Compton scattering, partly on photo-
electron emission. These two effects convert the inten-
sity distribution in the X-ray beam into a distribution
of the intensity of the electrons emitted by the foil.
The brightness of the resultant electron image can then
be intensified electrically. The difference in energy be-
tween the primary and the Compton-scattered quantum
is converted into kinetic energy of an electron. If the
scattering medium is a thin foil, the electron may leave
the foil at the other side ( fig. 2). Absorption of X-rays
in a metal foil also gives rise to photoelectric effects.
Photoelectron energy differs from the X-ray quantum
energy by an amount equivalent to the ionization
energy for an electron in the K shell of the atoms of
the foil. The extent to which both effects contribute to
the electron yield depends on the X-ray quantum
energy and the atomic number of the foil metal. At an
X-ray-tube voltage of 400 kV Compton-scattered elec-
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wires of different diameter fixed to it. The effective
thickness of the block is varied by adding extra plates
to it, and measurements are made to determgle which
wire is only just visible at each thickness. The diameter
- of this wire is then expressed as a percentage of the
plate thickness. Fig. 13 gives the results of these meas-
urements. The wire diameter only just perceptible is
plotted as a function of the plate thickness, both for
aluminium and for iron. During the measurements the
wires were placed one by one on the plate in arbitrary
positions unknown to the observer.
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Fig. 11. The smallest observable cavity depth d in the test object
in fig. 104, expressed as a percentage of the total irradiated object
thickness ¢ as a function of this thickness. The supply voltage for
the X-ray tube was 400 kV. Curve a was measured for a stationary
test object of rocket fuel; the distance D between the focus of the
X-ray tube and the input window of the image intensifier was
1 m, and the test object was locted midway between tube and
image intensifier. Curve b was measured on a rotating test object
of rocket fuel; D was again 1 m. Curve ¢ was measured on a test
object of aluminium; the distance here D was 70 cm.
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Fig. 12. The gap width w, only just observable, as a function of
the total irradiated thickness ¢, measured with a test object as in
fig. 10b at a supply voltage of 400 kV for the X-ray tube. Curve a
was measured with an aluminium cylinder of 15 mm diameter,
curve b with a cylinder of rocket fuel of 25 mm diameter. The
distance from the focus of the X-ray tube to the input window
of the image intensifier was 1 m in both cases.
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Fig. 13. The wire thickness d, only just observable for a totai
irradiated thickness ¢, expressed as a percentage of the thick-
ness ¢, as a function of t and measured for both iron (Fe) and
aluminium (A4/). The measurements were carried out at an X-ray-
tube voltage of 150 kV and with a distance of 80 cm between
the tube focus and the input window of the image intensifier.

The performance of the image intensifier was also
studied by measuring the modulation transfer. This was
done with the aid of a grid consisting of lead strips
50 um thick of varying”widths and distance between
them (pitch). Where the width of the strips and the
pitch was such that there were 2.9 line pairs per mm,
the intensity modulation in the picture on the télevision
monitor had fallen to 59 of the maximum value.

Estimate of the effect of scattered radiation

When the X-ray beam is collimated a smaller part of
the object is irradiated, which means that there is less
material that can scatter the radiation. As a result any
background in the picture due to scattered radiation
will decrease in intensity and there will be an improve-
ment in the perceptibility of details in the rest of the
picture. An evaluation of the effect of scattered radia-
tion can be obtained by investigating the extent to
which collimating the X-ray beam affects the percep-
tibility of details.

Fig. 14 shows the results of wire-penetrameter meas-
urements carried out with a collimated beam on the
image intensifier for an X-ray-tube voltage of 150 kV.
Collimation is seen to have hardly any effect on the
quality of the picture. The slight reduction in the per-
ceptibility of the wires when the beam aperture is very
small is attributable to the very small dimensions of the
area observed; because of this the full length of the
wires does not always fall within this area and the
intensity fluctuations are large.

(101 YV, Chalmeton, C. Patanchon and C. Mesnage, 8th World
Conf. on Nondestructive testing, Cannes 1976, 3E 13.
C. Patanchon and C. Mesnage, Acta Electronica 20, 65, 1977.
(11] SNPE: Société Nationale des Poudres et Explosifs, 33160 *
Saint-Médard-en-Jalles, France.
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At an X-ray-tube voltage of 400 kV, collimating the
X-ray beam was found to have just as little effectron
detail perceptibility.

It may be concluded from these observations that the
sensitivity to scattered radiation is so small with this
image intensifier that scattered radiation has no noticé-
able effect on image quality.

Finally, it should be noted that the image intensifiers
described here can be used over a wide range of X-ray
intensities. Apart from the cofitrol facilities in the
closed-circuit television system, the image intensifier
protects itself against overloading. At high radiation
intensities the channel plate takes more current, with
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Fig. 14. The same measurements as in fig. 12, but now carried
out only on iron, with the X-ray beam collimated to a diameter 5
just in front of the object. The almost horizontal nature of the

curves indicates the very low sensitivity of the image intensifier
to scattered radiation.
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the result that the voltage across the plate falls and so
does the electron multiplication in the channels.

Life tests on an experimental tube have shown that
the characteristics remained unchanged after 600 hours

“of continuous operation at maximum load with

3 cd/m2 for 10 nA/cm? at the screen; after 1000 hours
the luminance had decreased by a factor of two owing
to ageing of the output screen.

For some possible applications it may be desirable to
increase the resolution and the intensification factor
still further. The intensification can be increased by
using a channel plate with longer channels or bent
channels to increase the electron multiplication. Ex-
tensive measurements have shown that improvement
in resolution is most likely to be found in the closed-
circuit television system, since the limiting resolution
of the intensifier itself is significantly better than that
of the complete system.

Summary. The X-ray image in the image intensifier described here
is converted into an electron image with the aid of a thin metal
foil. The electron image is intensified by means of a channel plate
and then converted into a visible image by a phosphor screen.
The electrons that form the electron image originate from
Compton scattering of the X-ray quanta at the atoms in the
metal foil and from photoelectric absorption in the foil. The foil
thickness is chosen in such a way that the high energy quanta in
the X-ray beam are preferentially converted. The radiation due
to Compton scattering in the object, which causes a blurring con-
tinuous blackground in the X-ray image, is thus largely sup-
pressed. This suppression of the background due to scattered
radiation is particularly important in industrial radiography for
the examination of objects containing mainly elements with a low
atomic number, and for examinations of thick objects for which
a high X-ray-tube voltage is necessary to obtain a sufficiently high
radiation intensity behind the object. The sensitivity of the radio-
graphic system at 400 kV corresponds to a minimum flux of
1 mR/s at the input window of the converter for a correct image.
The resolution of the system is about 2.9 line pairs/mm and is
limited mainly by the television system.
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Liquid crystals for numerical displays

W. H. de Jeu and J. van der Veen

The atoms of a crystal form a regular lattice in which they take up fixed positions in
relation to one another. The name ‘liquid crystal’ is therefore a contradiction in terms.
Nevertheless it has remained in use since it was first introduced in 1900 by Otto Lehmann
to describe organic compounds in states in which, while possessing the mobility of a
liquid, they show more resemblance to crystals than to ordinary liquids in the fascinating
colour and other optical effects they exhibit under the polarizing microscope. These are
states, or phases, that lie on the temperature scale between the solid and the isotropic
liquid state of the compound. In the sixties these phases aroused growing interest when
it become apparent that there were useful applications for liquid crystals, for example
Jor digital displays in pocket calculators and watches. The article below is mainly con-
cerned with the relations that exist between the properties of the liquid crystal and its
molecular structure, and with the consequences of these relations on the selection and the
synthesis of the organic compounds for such applications.
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Introduction

Liquid crystals combine the mobility of a liquid with
an anisotropy in their optical, electrical and other
properties that is otherwise only found in crystals.
Because of this combination of properties striking op-
tical effects can easily be produced in thin layers of
these substances; for example, by applying a potential
of a few volts, they can be switched from transparent
to opaque. Effects of this type are nowadays used
for numerical displays in pocket calculators and
digital watches. In these applications the liquid crystal
modulates incident light. They therefore use hardly
any power, which often gives them a significant advan-
tage over indicators that emit light themselves (minia-
ture electric lamps, neon tubes, LEDs). In another
respect the two kinds of indicator supplement one
another. Miniature lamps and tubes can be seen in
dark spaces but not so well in sunlight, whereas the op-
posite applies to liquid-crystal displays.

Scientific research on liquid crystals dates from the
end of the previous century. Prominent among the
many workers in this field were Otto Lehmann (1855-
1922), the pioneer; G. Friedel (1865-1933), who made
a classification which is still useful today, and Daniel
Vorlander (1867-1941), under whose supervision nu-
merous organic compounds with a liquid-crystalline
phase were synthesized. Research on these compounds
was greatly intensified in the 1960s because of the

Dr Ir W. H. de Jeu and Dr J. van der Veeii are with Philips
Research Laboratories, Eindhoven.

emergence of possible applications, and again many
new compounds were synthesized. In fact the new
interest was in compounds with a strongly anisotropic
dielectric constant in the liquid-crystalline phase, and
with this phase occurring in a convenient temperature
range. The classic liquid crystals cannot be used for
most applications because their temperature range is
far above room temperature.

In this article we shall pay particular attention to the
relationship between the molecular structure and the
temperature range of the liquid-crystalline phase as-
well as the dielectic properties, and we shall show how
this knowledge can enable us to synthesize compounds
suitable for practical applications. To enable us to
formulate the practical requirements, we shall first look
more closely at liquid crystals in general, at their aniso-
tropic properties, and at the effects that are used in
practice [11. '

Since the name ‘liquid crystal’ is really a contradic-
tion in terms, liquid-crystalline 'phases are sometimes
referred to as ‘mesomorphic phases’ or ‘mesophases’.
Apart from this, the nomenclature in this field is often
confusing, partly because the term ‘liquid crystal’ is
sometimes understood to refer to the compound even
when it is not in the liquid-crystalline state. Following

[11 A general treatment of liquid crystals is given in E. B.
Priestley, P. J. Wojtowicz and P. Sheng (eds), Introduction
to liquid crystals, Plenum Press, New York 1974/75, and
P. G. de Gennes, The physics of liquid crystals, Clarendon
Press, Oxford 1974.
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the example of many publications, we shall refer to
these compounds as ‘mesogenic compounds’. We shall
take a liquid crystal to be a mesogenic compound in
the liquid-crystalline phase.

Nature, classification and properties of liquid crystals

Nature and classification

. The liquid-crystalline phase lies on the temperature
scale between the crystalline-solid and isotropic-liquid
phases. The transitions, at the melting point Tm and
the ‘clearing point’ T¢, are both of the first order, which
appears from the existence of a latent heat and a step in
the density. At T, however, these quantities are much
smaller than at 7. The transition at T is clearly visible
with the naked eye: the initially opaque liquid becomes
clear. : . »

The molecules of mesogenic compounds are always
elongated; this is illustrated in fig. I with three familiar
examples [2]. The liquid-crystalline phase is character-
ized by long-range order in the orientation but not in the
position of the molecules. This is different from the
solid phase, in which both forms of order exist, or the
isotropic liquid phase in which neither exists. Owing to
the thermal motion of the molecules, the orientational
order is never perfect. The ‘order parameter’ S — which
would be 1 for perfect order and 0O for complete dis-
order — falls in practice from at the most 0.8 at Tmto a
value between 0.3 and 0.5 at 7.

A distinction is made between nematic, cholesteric
and smectic liquid-crystalline phases (fig. 2). These

N N@—oa—g
O

a  CH;0-
0
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b CH_,O—@—C\
o
¢ ou<O)n
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Fig. 1. The molecular structure of three mesogenic compounds.

a) PAA (p-azoxyanisole); temperature range 116-135 °C.

b) MBBA (N-(p-methoxybenzylidene)-p-butylaniline); tempera-
ture range 22-47 °C.

¢) PENTAB (p,p -dlpentylazoxybenzene), temperature range
24-67.5 °C.

PAA is one of the classic mesogenic compounds; the other two

have been synthesized since 1960. Characteristic features are the

two (or more) aromatic rings, connected by a bridging group and

the presence of end substituents, giving the elongated shape [21.
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Fig. 2. Molecules, represented by dashes, in a nematic (), in a
cholesteric (b) and in a smectic liquid (¢). The unit vector in the
(local) mean orientation is called the director (d). In a and b there
is orientational order, but no positional order of the molecules.
In ¢ there is partial positional order in addition to orientational
order: the molecules are arranged in layers. Because of thermal
motion the orientations of the molecules differ from that of
the director. Cholesteric phases have a helical structure; this is
illustrated by showing the molecules in several planes one above
the other. For clarity the thermal deviations have been omitted
here.

can best be characterized by considering a ‘liquid
single crystal’, i.e. a region over which the long-range
order is ideal (apart from the thermal fluctuations).

In the nematic phase the long axes of the molecules
-— again apart from the thermal fluctuations — are
parallel; there is no correlation over long distances be-
tween the centres of mass (fig. 2a). The average direc-
tion of the long molecular axes is indicated by the unit
vector in that direction, called the director (d). There
is uniaxial symmetry about the director. Reversal of the
director has no physical significance, since a molecule
has no preference for being directed with its ‘head’ or
with its ‘tail’ in either of the two directions. In reality
the nematic liquid is not usually a ‘liquid single crystal’.
The director then indicates the local/ mean of the direc-
tions of the long molecular axes, and varies contin-
uously over distances that are large compared with the
molecules. In thin layers under a polarizing microséope
filamentary structures can be seen (Greek »nuo means
‘wire’ or ‘filament’). The filamentary structures are
‘disclinations’, discontinuities in the varlatlon of the
director (fig. 3).

The cholesteric or chiral-nematic phase is a variant of
the nematic phase that occurs in optically active com-
pounds. The liquid is locally nematic, but the director
pattern in a liquid single crystal has a helical structure
over larger distances (fig. 2b). Here again, there is no
long-range correlation between the centres of mass.
When light is incident along the helical axis, and its
wavelength is equal to the product pn of the pitch p of
the helix and the refractive index n, one of the two
circularly polarized components is completely reflected.
If this wavelength pn is in the visible region, striking
colour effects are observed. The pitch p may also be
highly temperature-dependent. Liquids in which both
these effects are found are suitable for thermography.

Smectic phases (fig. 2¢), which occur in various
forms, have mechanical properties reminiscent of soap
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longitudinal direction. (Permanent dipoles and orien-
tation polarization no longer play any part at optical
frequencies.) The difference An (= n;;, — n,) is abouit
0.2 or 0.3, which is thus much higher than for example
in a well known birefringent material like quartz
(A ~ 0.01). The temperature dependence of An ( fig. 5)
reflects the decrease of order with rising temperature.

In a nematic liquid the director will vary from posi-
tion to position and from moment to moment if no
special precautions are taken. This leads to marked
variations in refractive index and hence to light scat-
tering, so that the liquid is cloudy. The textures seen in
thin layers between crossed polarizers (fig. 3) give a
direct impression of the director variations. In addition
to the disclinations, dark bands or striae (‘schlieren’)
are observed, where the continuously varying director
lies exactly in the plane of polarization or in a plane
perpendicular to it.

Apart from the uniaxial symmetry and hence aniso-
tropy of various properties, the tendency of the mole-
cules towards orientational order also appears macro-
scopically as an elasticity of the liquid, which tends to
make neighbouring director orientations the same.
This elasticity is described by three constants, K11, Ka2
and Kas, which indicate respectively how strongly the
liquid opposes ‘splay’, ‘twist’ and ‘bend’ of the director
pattern; see fig. 6. K11, Koo and K3 are the coefficients
in the expression for the free elastic energy per unit
volume of the nematic phase, Fq:

Faq = 3{Ku(div d)2 4 Kee(d . curl d)? +
+ Ks3(d x curl d)z}. (N

Note that this type of elasticity only corrects directions
and not relative changes of position, as is the case with
the ordinary elasticity in the solid state.

Thin layers; boundary conditions

For research and applications it is necessary to have
liquid crystals possessing a uniform director pattern
(single crystals). A pattern of this kind can be obtained
in thin layers through the interaction with the glass

walls enclosing the liquid. Certain chemical or mechan-

ical treatments of the surface of these walls will give the
director a strong preferred orientation at the wall. Asa
result of the elasticity the director then takes up this
direction everywhere in the layer. As the thickness of
the layer decreases the influence of the boundary condi-
tions becomes greater and the response to disturbances
introduced in the pattern becomes more rapid. Thin
layers are therefore generally to be preferred.

We have homeotropic layers, in which the director is
perpendicular to the wall, and uniform-planar layers, in
which the uniform director pattern is parallel to the
wall ( fig. 7a and b) .Uniform-planar layers can be made

- Philips tech. Rev. 37, No. 5/6

k- k k
d
e d (=13
e, e, e e
a : b ¢

Fig. 4. Propagation of light in a (liquid) uniaxial crystal; k£ direc-
tion of propagation of the light wave, d director (optical axis), e
electrical vector of the light wave. @) If the light propagates
parallel to the axis there is only an ‘ordinary ray’ (e. 1 d, refractive
index n, = o). b) If the light propagates perpendicular to the
axis, there is an extraordinary ray as well (ee || 4, refractive index
1y = ne). As a result of the strong polarizability of the molecules
in the longitudinal direction, ), is always much greater than n,.
¢) In the general case,(k skew with respect to d) the light again
consists of an ordinary ray (e, 1 d) and an extraordinary ray (ee
in the plane through &k and d). For the extraordinary ray the
refractive index now lies between n, and n).
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Fig. 5. Refractive indices of PENTAB as a function of tempera-
ture. The variation of An with temperature reflects the variation
of the order parameter.

= =
. —

i K22 K33
E
d
S Y S A
a “ b c

Fig. 6. Above: deformations of the director pattern: ‘splay’,
‘twist’ and ‘bend’, from left to right. The extent to which the
liquid opposes these deformations is given by the elastic constants
K11, Koz and K33 respectively. Below: the configurations in which
these constants can be determined by measuring a threshold field
(see page 136).
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by rubbing the surfaces in one direction with polishing
agents or by depositing a thin layer of silica on them
by oblique evaporation. The twisted-planar layer in
fig. 7c is obtained from a uniform-planar layer by
rotating one of the glass plates through 90° in its own
plane. Because of the elasticity of the liquid this rota-
tion is uniformly distributed over the director pattern,
so that this acquires a quarter of a helical turn. It is
assumed here that the boundary conditions are rigid,
that is to say that the director at the interfaces remains
fixed under all circumstances. The twisted-planar layer
is very important in the applications because of the
following property: when incident light is polarized
linearly in the direction of the director on the incident
side, or perpendicular to it, the polarization plane
rotates with the director in the layer. Between crossed
polarizers the layer therefore transmits light.

1t is assumed that the pitch p of the twist is much greater than
the wavelength 4 of the light. There is no longer any question of
‘rotating with the director’ if the director makes so many turns
in a layer that p becomes comparable with A, which is often the
case in cholesteric liquids. In particular, if p is equal to A/n, then
one of the two circularly polarized components is completely
reflected, as already mentioned.

The use of liquid crystals for displays

There are various effects in liquid crystals that are
put to practical use for displays. In the first place there
are the Frederiks transitions, in which the orientation
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Fig. 7. a) A homeotropic layer, b) a uniform-planar layer, ¢) a
twisted planar-layer. In a and b the director pattern is shown, in
¢ the director itself is shown at points on a vertical line; a shorter
dash indicates ‘perspective shortening’, a rotation of 4 in a plane
perpendicular to the paper.
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Fig. 8. a, b) Examples of configurations in which Frederiks
transitions occur with increasing field. ¢) A configuration in which
Frederiks transitions cannot take place. This configuration is
characteristic of the occurrence of ‘hydrodynamic instabilities’;
for this to occur the liquid must have some anisotropic con-
ductivity.
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of the director, whose alignment is initially determined
by the boundary conditions, changes when an electric
field is applied. In an appropriate combination with
polarizers the initially absorbing layer then becomes
transparent. Two configurations in which Frederiks
transitions occur can be seen in fig. 8a and b. Frederiks
transitions can also be produced by magnetic fields.

Another effect is dynamic scattering. For this to
occur the liquid has to possess some (anisotropic)
conductivity. A typical example is the configuration
shown in fig. 8¢. The director is already in the align-
ment favoured by the field, so that a Frederiks transi-
tion cannot occur. Above a certain threshold value of
the field-strength, however, the liquid becomes hydro-
dynamically unstable, and starts to flow. When the
field-strength is increased further the flow gradually
becomes turbulent; the resultant dynamic scattering
makes the liquid opaque.

Finally, we should mention the use of a nematic
liquid to which a small amount of cholesteric material
has been added. This results in a cholesteric liquid
crystal with a large pitch. This can be put to use in two
ways. When Ae is positive, the pitch can be so greatly
enlarged by applying an electric field that effectively
there is a transition from cholesteric to nematic. Second-
ly, when Ae¢ is negative, a memory effect is obtained,
in which the dynamic scattering is ‘frozen in’ when
the field is switched off.

A Frederiks transition in a twisted-planar layer is at
present the most important effect for displays. We shall
only consider Frederiks transitions from now on [3],

In practice the liquid crystal is confined to a layer
about 10 pm thick between two glass plates. These are
provided with patterns of transparent -electrodes
(stannic or indium oxide), which permit patterns to be
generated in the liquid crystal. The various problems
concerned with establishing fixed boundary condi-
tions, filling and sealing the cells, applying the elec-
trodes, etc., will not be discussed here.

Frederiks transitions

Let us consider the configuration in fig. 8a, with fixed
boundary conditions. When the field increases in the
direction indicated, there is a gradual change in the
director pattern once E exceeds a threshold value E;
(fig. 9). At any field-strength the stable equilibrium
state can be found by minimizing the total free energy
with respect to variations in the director pattern. For
E < E, this is the state shown in fig. 9a (director every-
where horizontal). For E > E, this situation has be-
come an unstable equilibrium state; at the slightest

81 A general review of the effects in liquid crystals used for in-
formation display is given in L. A. Goodman, J. Vac. Sci.
Technol. 10, 804, 1973.
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fluctuation the system jumps to one of two stable
states, b or din fig. 9. In practice the system chooses b
in the one domain and 4 in the other; the transitions
between such domains (‘domain walls’) are clearly
visible under the polarizing microscope. The angle ¢
between the director in the middle of the layer and
the horizontal varies from 0 to -4 90° if E in-
creases from E. without restriction (fig. 94, b, ¢, . . . or

a, d, e, ...). The critical field E, is given by [4] [5]:
7 1/Ku
=T ) 5 @

where / is the layer thickness. The critical field-strength
is thus high when the liquid strongly opposes deforma-
tion (K large), when the boundary conditions are im-
portant (/ small) and when the field cannot readily
manipulate the liquid (Ae small). The critical voltage
V. depends only on the properties of the liquid and not
on the geometry:

K_
lEc =T ] A1: . ’ (3)

The constant Ki; can in principle be determined by
measuring the critical voltage. With other configura-
tions Kpz and K33 can be determined in an analogous
way (see fig. 6). In practice, it is desirable to make such
measurements in a magnetic field to avoid any un-
wanted effects due to conduction.

Minimizing the free energy, i.e. the sum of the free electrical
energy per unit volume, —+AcE?, and the free elastic energy per
unitvolume, Fq of equation (1), integrated over the volume of the
layer under given boundary conditions, is mathematically a
complicated problem. The existence of a threshold value in the
field can however be explained in a simple way. Let us consider a
non-equilibrium situation, i.e. one in which the director pattern
is not the equilibrium pattern at the given field-strength E. Only
patterns of the type in fig. 9, characterized by a single parameter,
the angle ¢, are taken into account. There then acts on the liquid
a stabilizing, elastic torque Iy and a destabilizing electrical torque
I'g, proportional to E. If only small values of ¢ are considered,
the problem is a linear one: I'y and I'g are both proportional to
é (fig. 10a). Then either the stabilizing or the destabilizing torque
in fig. 10a predominates; these two cases are illustrated by E = Ei
and E = Es. In the first case ¢ = 0 is the stable state, in the sec-
ond case the system tries to get away from this state. The bound-
ary line lies at E = E,.

The stable equnhbnum states ata value of E that is greater than
E. are determined by the nonlinear part of the problem. At any
value of E > E. there are two stable solutions for ¢ (# 0), i.e.
patterns where the destabilizing and the stablllzmg torques com-
pensate each other (fig. 100).

Optical effects

Let us consider the configuration of fig.8a — a
uniform planar layer with positive A¢ in an orthogonal

. -
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Fig. 9. Frederiks transition. The configuration a is stable as long
as Eis lower than a certain critical field E.. If £ becomes greater
than E¢, then a is no longer stable, and the system changes to the
state b or d, which gives cor e if the field is increased further.
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Fig. 10. Torques acting on the director in the centre of the pat-
terns of fig. 9, as a function of ¢. Solid line: the stabilizing elastic
torque I'n; dashed lines: the destabilizing electric torque I'g for
three values of the field-strength, Ey < E,, E. and Ep > E..
a) For small values of ¢. For E < E; (e.g. E1) the stabilizing
torque is dominant, for E > E. (e.g. E2) the destabilizing torque
is dominant. ) At greater values of ¢ the torques are no longer
proportional to ¢. As a result points of intersection occur that
determine the equilibrium values of ¢ for E > E. (e. g + ¢ at
E = Ej). The curves are only qualitative.
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Fig. 11. Intensity I of the transmitted light as a function of the
voltage V across the layer in the configuration of fig. 8a between
crossed polarizers for monochromatic light. The polarizers are at
angles of 45° to the director.
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Fig. 12. Director in the twisted-planar layer (£ orthogonal,
Ae > 0);a) for E < E,; b) for E > Eg;'c) for E > E.. A shorter
dash again indicates ‘perspective shortening’ of the director.
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Fig. 13. The angle of twist o of the director in a twisted-planar
layer as a function of the vertical coordinate z. Solid curve:
E < E.; for values of E greater than Eg, 1(z) is represented by
curves like the dashed one.
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Fig. 14, Intensity J of the transmitted light as a function of the
voltage ¥ across a twisted-planar layer with a thickness of 12 um.

field — between crossed polarizers at 45° to the direc-
tor. For the ordinary ray (see fig. 4c) the refractive
index is always n,. For the extraordinary ray the layer
has an effective refractive index nerr that, for E < E,
is equal to ), but for E > E; is dependent on E; if E
increases without limit ners tends towards #, . The phase
difference between the ordinary and extraordinary rays
after passage through the layer thus depends on E, and
so therefore does the transmission; see fig. II. The
minima in fig. 11 lie at the values of E given by

(et — n )l = kA,

where [ is the layer thickness and k is an integer. For
E < E¢ (nesr = 1)) the transmission depends on the
value of n);— n_ ; for E>> E¢ (nesr — n,) the transmis-
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sion tends to zero. All this applies to monochromatic
light; with white light there are colour variations.

This effect is not particularly suitable for applica-
tions. Since it is very sensitive to the thickness /, for a
fixed value of the field-strength variations in light
intensity or colour shifts can easily occur over the plane
of the layer. In addition the result is highly temperature-
dependent through An (see fig. 5).

A more suitable effect for application is that of an
orthogonal field on a twisted-planar layer with Ae > 0
between crossed polarizers (fig. 12). If the field-
strength is zero, the system transmits light (see page
135); the twist y of the director as a function of the
vertical coordinate z is then linear (solid curve in
fig. 13). If the field-strength is now increased above the
critical field E, for this situation, the director then also
assumes an angle to the horizontal plane; this angle is
‘greatest in the middle. This makes the twisting easier,
so that the variation in y takes place mainly in the
middle (fig. 12b; fig. 13 dashed curve). For E > E, the
director is vertical, except near the interfaces (fig. 12¢).
There is then no longer any question of a gradual twist
—- the orientations above and below are ‘decoupled’ —
and with crossed polarizers the layer no longer trans-
mits light. The intensity 7 of the transmitted light as a
function of the voltage across the layer is shown in
fig. 14.

The critical voltage for a twisted-planar layer with a
twist ym between the glass plates is found by replacing
Ki1 in eq. (3) by the expression

Kepr = K11 + (Kaz — 2Ka9) pm?/n2.

‘When the voltage is switched between zero and a value
much higher than ¥, (see fig. 14), no colour or thickness
effects are produced. In practice V,is 1 to 2 V. The
switching voltages are about three times higher. In the
application of liquid crystals for displays this effect is
currently the most important. It is used on a large
scale in digital watches and to an increasing extent in
pocket calculators.

When the field is turned off from the ‘decoupled’
situation of fig. 12¢, then the quarter turn that again
arises might be either clockwise or anticlockwise. The
addition of only a small quantity of a cholesteric com-
pound gives the liquid a natural preference for one of
the directions, and thus avoids the occurrence of do-
main walls.

[41 The equations given in this article are intended for use with
the International System of Units (SI). The quantity ¢ is the
product of the relative dielectric constant ¢r and the dielectric
constant of free space g0 = 8.854 X 10~22 F/m. The equations
given here can be modified for use with the c.g.s. system by
substituting eoer for £ and 1/47 for the go’s.

(51 H. Gruler, T. J. Scheffer and G. Meier, Z. Naturf. 27 a, 966,
1972.
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Molecular structure and clearing point

Many of the well known mesogenic compounds have
the configuration shown in fig. 15a as the basic molec-
ular structure: two aromatic rings connected by a
bridging group X and with two end substituents R
and R’, which give the molecule its elongated shape [2],
In this article we shall consider four types of compound,
shown in fig. 15b to e, that differ from each other in the
bridging group: these are azobenzenes, azoxybenzenes,
Schiff’s bases and stilbenes. The terminal or end sub-
stituents considered here are non-branched alkyl chains
(-(CHg)n-CHs) or alkoxy chains (-O-(CHs).»-CHs) or
groups that only consist of a few atoms. The spatial
structure or ‘conformation’ of the molecules of these
compounds is closely dependent on the bond angles
and bond lengths in the bridging group. For example,
azobenzenes and stilbenes generally have a planar con-

formation, whereas the two aromatic rings in the

azoxybenzenes and Schiff’s bases do not usually lie in
the same plane.

In the following sections we shall also consider sub-
stituents other than end substituents (substituents
located at the para- position). End substituents do not
usually have any effect on the steric orientation of the
aromatic rings in relation to one another. This is also
usually true for substituents introduced at the neigh-
bouring meta- position. However, if substituents are
introduced at the ortho- position, which lies one posi-
tion further on, this often does affect the relative orien-
tations of the aromatic rings: these are then rotated in
relation to each other (twisted) in such a way that space
is made for the ortho-substituents (‘steric hindrance’).

A characteristic feature of mesogenic compounds is
the high polarizability, which is a result of the non-
localization of the m-electrons of the aromatic rings.
Since the bridging group also contains double bonds
— and is therefore more or less rigid — conjugation
occurs: the z-electron systems of the constituent parts
combine to form one single elongated system. The
result of this is that the polarization is also strongly
anisotropic.

In the explanation for mesogenic behaviour that has
been given by W. Maier and A. Saupe (6] the aniso-
tropic polarizability is essential. The basic idea in their
approach is that the Van der Waals attraction between
the molecules is therefore also anisotropic. This attrac-
tion is attributed to the fact that neighbouring mole-
cules can reduce the energy of the system by ‘polarizing
one another’. In the case of anisotropic polarizabilities
the energy gain is largest for such cross-polarization
in the ‘easy’ direction; as a result these directions tend
to become parallel. This approach therefore indicates a
relationship between the molecular structure and the
clearing point: the greater the anisotropy of the polar-
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izability, the higher the clearing point. A relatively high
clearing point would thus be expected for molecules
with a planar conformation, since the conjugation is
greatest in planar molecules.

Maier and Saupe’s model leads to the following rela-
tion between the clearing point T; and the longitudinal
and transverse polarizabilities oq and a; of the mole-
cule [41:

0.0084(cy— o)l
Te= - Leyp2
&0V

@)

where k is Boltzmann’s constant, / an energy represent-
ing the jumps in molecular energy that arise on polar-
ization, and ¥ is the molar volume. / is often identified
with the ionization potential. Some of the theoretical
background to this formula, which only gives a qual-
itative description of nematic behaviour, is given in

Appendix A.
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Fig. 15. a) The basic structure of many mesogenic compounds:
two aromatic rings are connected by a bridging group X and have
end substituents R and R’. In (b), (¢), (d) and (e) the molecular
structure of the four types of compound considered in this article
are given: azobenzenes, azoxybenzenes, Schiff’s bases and stil-
benes, which all have different bridging groups.

Maier and Saupe only take into account the anisotropy of the
polarizability; they do not consider factors such as anijsotropy in
the shape of the molecules; their model relates to anisotropically
polarizable spherical molecules. If the elongated shape is also taken
into account, then in the first place there are important modi-
fications to the analysis of the Van der Waals forces. In the second
place, and quite independently of this, there is the tendency of
hard elongated bodies to align themselves parallel to one another,
rather like matches. Here the repulsive forces, which prevent the
hard bodies from penetrating one another, play an essential part.
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We shall now start by looking at the effect of the
length of the end substituents on the clearing point T.
In fig. I6a, b and c the clearing point T¢ is shown as a
function of the number of carbon atoms m in the end
substituent for a number of azobenzenes with non-
branched alkyl and alkoxy groups as end substituents.
Since the oxygen atom in the alkoxy group makes
about the same contribution to the length of the molec-
ule as a carbon atom, this oxygen atom is counted as a
carbon atom. What we are ultimately interested in is
the entire temperature range, and therefore this figure
also gives the melting point 7 (dashed curve). This will
be discussed in more detail later. A similar curve for
T. is obtained when corresponding azoxybenzenes,
Schiff’s bases and stilbenes are considered.
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is interrupted by kinks with different directions. At the
same time the chain becomes more flexible, especially
at higher temperatures. This is clearly observed in
compounds with a relatively high clearing point (fig.
16¢). Both the increasing number of kinks and the
greater flexibility reduce the difference in the increment
of o1 — o as m increases [7],

Fig. 16 also clearly shows that the oxygén atom of
the alkoxy group gives an additional contribution to
on — o, resulting in marked increases of T¢. An alkoxy
group makes a greater contribution to &) — & than an
alkyl group of similar length because of the easy in-
corporation of the non-bonded electron pair of the
oxygen atom into the s-electron system (mesomeric
interaction, which is also a form of conjugation).

N~O)-#

O
R=CnhH
RZ‘RI’—' + mii2me+1 =R!'=
CmH2m1 RI=Cm-1H2m_1O R=R Cm_1H2m_1O
160°Ct 160°Cf 160C ™
120 120 120 / \
- [~ [ \
S O/\a\\(cw\j
7-m,t: ] 7-m,c r A 7-m,z: T
80+ 1 8oF - \/’ p 80
T ‘\\ T \U._‘\°/\o/ I
i \ . \
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A Vo X | Vo i
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m2 4 6 610 me2 5810 me? 4 6 8§
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Fig. 16. Measured clearing points T, (open circles) and melting points 7m (points) as a func-
tion of the number of carbon atoms s in the end substituent of the azobenzenes shown in
the figure. Where the melting point lies above the clearing point the mesophase is super-
cooled. Where a smectic phase occurs, the clearing point is indicated by a filled circle.

It is interesting to note the marked alternation of the
clearing points with changing m in fig. 16, especially at
small values of m. Although the same alternation is
indeed maintained at larger m-values, it is somewhat
less pronounced. The alternation is explained from the
fact that the carbon chain of the end substituent makes
alternately larger and smaller contributions to the
anisotropy of the polarizability because of its zigzag
shape. We attribute the less pronounced alternation to
the fact that the longer the carbon chain becomes, the
more often the continuation of the normal zigzag shape

This is connected with the observation that in com-
pounds where T¢ at small m has a high value (fig. 16¢)
T. tends to decrease with increasing m, whereas in
compounds where T is initially low (fig. 16a) it tends
to rise. This effect has also been observed in the three
other types of compound considered.

A qualitative explanation of this effect can be based
on the assumption that for the complete molecule the

(6] W, Maier and A. Saupe, Z. Naturf. 14 a, 882, 1959, and
15 a, 287, 1960.

(71 See W. H. de Jeu and J. van der Veen, Mol. Cryst. liq. Cryst.
40, 1, 1977. )
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factor (01— ay)2/V2 from eq. (4) is an average of the
contribution from the various groups that constitute
the molecule. In the first type of compound the con-
tribution originating from the central part of the molec-
ule is large compared with the contribution from a
CH:, group, so that an increase in the length of the end
substituent leads on average to a decrease in T¢. In the
second type of compound this ratio is probably
reversed. In the case illustrated in fig. 16 it is in fact
the oxygen atom of the alkoxy group, with its non-
bonded electron pair, that makes the factor (on— oit)2/ V2
relatively large for the central part of the molecule.

In a more quantitative study [8] of the relation be-
tween o1 — o3 and T we have synthesized a number of

Schiff’s bases of the type:
N R!
/ O
q/
H

o100

with the groups -F, -CHgs, -Cl, -NO3 and -CN as the
end substituent R’. In this sequence the contribution
from the C-R’ bond to o1 — o increases in value from
0.6 t0 4.8 X 1040 Fm?.

If we can assume that the polarizability of the whole
molecule can be obtained by adding the polarizabilities
of the different groups that make up the molecule, then
we can write:

o — o = (ou— ag)c + (01— ar’, ®

where the two terms on the right-hand side relate to
the non-varied part of the molecule and to the end
substituent R’ respectively. According to Maier and
Saupe, T is proportional to (e1 — a4)2, and hence from
(5) the quantity T, is proportional to (01— a)c® 4
+ 2(oq — agelon— adr’ + (ca— ag)r'2. If we neglect
the last term, because (c1 — at)r’ is much smaller than
(ou— oit)c, we may then expect a linear relation between
Te and (oa— at)r’ for the whole series, in which
(01— o)c is a constant, and in which the molar
volume V does not vary greatly. Fig. 17 shows that
such a relation holds approximately.

It would be interesting to know more about the in-
fluence of the bridging groups on T¢. However, there is
not enough quantitative information about the degree
of ¢onjugation still possible when there are deviations
from the planar conformation to form any definite
conclusions here.

Even in cases where the necessary information is available,
results are sometimes found that do not correspond to Maier and
Saupe’s equation (4). For example, dialkoxystilbenes have higher
T, values than corresponding dialkoxyazobenzenes, although the
(o1 — o) value for the bridging group of the dialkoxystilbenes is
certainly no higher than that for the compounds of the second
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kind. Since both bridging groups give a planar conformation, and
both bridging groups are also non-polar, this difference in T¢
cannot be attributed to differences in these factors. We assume
that these discrepancies between theoretical prediction and
experimental findings arise, at least in part, because Maier and
Saupe’s model does not take the repulsive forces into account, as
mentioned on page 138.

Molecular structure and dielectric anisotropy

Let us now consider the relation between the molec-
ular structure and the dielectric constant. Onsager’s
theory for the dielectric properties of isotropic lig-
uids 91 has been extended by W. Maier and G. Meier to
nematic liquids (191, They consider molecules with
longitudinal and transverse polarizabilities oy and oy
and a permanent dipole x at an angle § to the longi-
tudinal axis, and arrive at the following relations be-
tween the macroscopic dielectric constant ¢ and the
molecular quantities oy, o and g

: N {“ w
&— g9 = NhF a+F3kT}, (6)

2
Ae= NhF{oq — a4+ F2_(3cos?f— 1)} S. (7)
2kT

Here ¢ is the mean dielectric constant, « is the mean
polarizability, N is the number of molecules and S the

420K
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—Pﬁ\‘l

330

300

270 | i | | |
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Fig. 17. The clearing point T, as a function of the contribution
(o1 — at)r’ of the bond between end substituent R’ and aromatic
ring to the total anisotropy of the polarizability, for the com-
pound given in the figure with the end substituent R’: -F, -CHs,
-Cl, -NO3z and -CN.
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order parameter. The theoretical background to these
equations and the definitions of # and F are given in
Appendix B. The last term between curly brackets in

e
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Fig. 18. The relative dielectric constants g/co, &,/¢0 and &is/e0
(parallel or perpendicular to the director and the value above the
clearing point) as a function of temperature T for the azobenzenes
shown in the figure.
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eq. (7) gives the contribution of the permanent dipole
moment to Ae. It can be seen that this changes sign at
a particular value of 8 (f = 55°).

We have tested the above expressions mainly for the
effect of the end substituent. The effect of the bridging
group is more difficult to investigate, largely because
not enough is known about the direction of the per-
manent dipole moment of the various bridging groups.

The main compounds we have studied are azoben-
zenes and azoxybenzenes with alkyl, alkoxy and cyano
groups (-CN) as end substituents. Azobenzenes and
azoxybenzenes are interesting to comipare, because
although they are both closely related chemically, the
bridging group of the azobenzenes is noh-polar where-
as that of the azoxybenzenes is polar. The alkyl groups
used as end substituents have a — relatively small —
permanent dipole moment in the direction of the long
molecular axis. The symmetrical dialkylazobenzenes do
not therefore have a permanent dipole moment in the
molecule as a whole and are therefore suitable as a
‘reference’. The cyano group is interesting because of
its relatively large dipole moment (13.5x 10-3¢ Cm).

In fig. 18 the measured relative values of ¢, and ¢,
are plotted as a function of temperature 7" [11], At the
clearing point T, the difference between these two
quantities has of course disappeared ; beyond this point
the dielectric constant is then denoted by &s.

If we consider a larger number of dialkylazobenzenes,
we find that Ae, like T¢, alternates with increasing
length of the end substituent, as would be expected
since both quantities depend on o) — ox. We also find
that if an alkyl group is replaced by an alkoxy group of
the same length, both ¢, and &, increase in value
(fig. 18a and b), but that the increase in &, is rather
larger, so that Ae¢ decreases slightly in value. The sub-
stitution of a second alkoxy group for an alkyl group
leads to a further reduction in Ae to nearly zero
(fig. 18¢).

The explanation is as follows. When an alkoxy group
is substituted for an alkyl group as end substituent
the molecule acquires a permanent dipole moment
of 4.3x10-30 Cm at an angle of 72° to the axis
between the two para- positions of the benzene
ring on which the substitution is made. This axis is at
an angle of about 10° to the long molecular axis, about
which the molecule rotates, so that the angle between
the permanent dipole moment and the long molecular
axis varies between 62° and 82°. This therefore leads

8] A more detailed description is given in J. van der Veen,
J. Physique 36, CI-375, 1975.

91 Onsager’s theory is discussed in C. J. F. Bottcher, Theory of
electric polarization, 2nd edition, Vol. I, Elsevier, Amster-
dam 1973.

(101 W, Maier and G. Meier, Z. Naturf. 16 a, 262, 1961.

[111 A more detailed treatment is given in W. H. dé Jeu and
Th. W. Lathouwers, Z. Naturf. 29 a, 905, 1974.
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to a relatively large contribution to ¢,. However, as
long as the order parameter is not equal to unity, the
component of the dipole moment perpendicular to the
long molecular axis also contributes to &;;. In addition,
the mesomeric effect of the alkoxy group increases the
polarizability along the molecular axis (as reflected in
the increase of T¢) and these two effects together cause
g, to increase, but less than ¢,. The result is thus a
reduction in Ae. When the second alkoxy group is
substituted for the alkyl group, both alkoxy groups,
freely rotating, contribute to &, while the parallel com-
ponents of their dipole moments now cancel out, so
that Ae falls to almost zero.

If we now look at the effect of substituting a cyano
group as end substituent, we see that the large dipole
moment of this group, which has about the same direc-
tion as the long molecular axis, is dominant over all the
other contributions, thus giving a high positive value
of Ae.

Let us now use fig. 19a and b to compare a dialkyl-
azobenzene with a corresponding dialkylazoxyben-
zene (111, The azoxybenzenes differ from the azoben-
zenes in the presence of a permanent dipole moment of
magnitude 5.7x 10-30 Cm in the bridging group. It is
usually assumed that this dipole moment is directed
along the N-O bond. Comparing the azoxybenzenes
with the azobenzenes, we then find that both ¢, and ¢,
increase in value, but the increase in &, is somewhat
greater. As we have seen in the azobenzenes, substitu-
tion of two alkoxy groups for the alkyl groups makes a
much greater contribution to the value of ¢, than to
that of ¢, with the result that Ae in dialkoxyazoxy-
benzenes is negative (fig. 19¢).

It is also interesting to consider the situation in
asymmetrically substituted azoxybenzenes, e.g. with an
alkyl group as one end substituent and an alkoxy group
as the other. The synthesis of such azoxybenzenes
produces a mixture of two isomers in which the end
groups are interchanged with one another. A mixture
of this type is generally difficult to separate into its
components.

"Fig. 20 gives the dielectric constant of a mixture of
the two asymmetrically substituted azoxybenzenes
and II shown in the figure. Fig. 20a gives the value of
Ac for the mixture formed under the usual conditions
of synthesis, and consisting of 62 % of isomer I. Fig. 20b
gives the value for a mixture in which this percentage
has risen to 88 %. It can be seen that ¢, hardly changes
at this increase, whereas ¢, decreases. Fig. 20c gives the
value of Ae for isomer I as calculated from fig. 20a
and b, proceeding from the assumption that the
dielectric constant of the mixture can be obtained by
adding the values of the separate isomers. It can be
seen that Ae for isomer I7 has a positive value [12],
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Fig. 19. As in fig. 18, for the azobenzene (a) shown in the figure,
a corresponding azoxybenzene (b) and an azoxybenzene with two
alkoxy groups instead of alkyl groups as end substituent (c).

The reason why ¢, does not change much when the
ratio of the isomers changes is that, provided the alkoxy
group rotates freely, interchanging the end groups has
little or no effect on the transverse components of the
dipoles. This is not so for the longitudinal components.
If we can assume that the permanerllt dipole moment of
the CH3O group is approximately perpendicular to the
long molecular axis, and hence has little effect in the
longitudinal direction, then the dipole moment of the
C4Ho group in isomer I will have the opposite direction
to that of the longitudinal component of the dipole
moment of the azoxy group, so that these moments will
partly compensate each other. In isomer 7 these dipole
moments add, however, giving a high value for the
longitudinal component of the dipole moment and
hence for ¢,,. '

The temperature dependence of Ae as expressed in
figures 18, 19 and 20 can be understood with the aid of
eq. (7). We see from this equation that in non-polar
molecules (¢ = 0) the dielectric anisotropy Ae depends
only indirectly on the temperature, through the order
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Fig. 20. a) and b) The values of the relative dielectric constants as
a function of temperature for a mixture of two isomers I and I,
shown in the figure, consisting of 62 % and 88 % of isomer I. In
(c) the values are given for the relative dielectric constants of
isomer 1, calculated from the data from (a) and (b).

parameter S; in polar molecules the temperature is
also directly involved.

In the non-polar dialkylazobenzenes (figs. 18a and
19a) we see that |As| does indeed increase with decreas-
ing T and hence with increasing S, with the most
marked increase near T¢, where the increase in S is also
greatest. On decreasing the temperature further, S
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tends to saturate, making the variation of |Ael small.

What can we expect from equation (7) if the mole-
cules are polar ? Since the effect of the permanent dipole
moment u is generally much greater than that of the
anisotropy of the polarizability &y — a4, the factor S/T
will determine the temperature dependence. Here
again, ]Ae| will increase with decreasing T, as can be
seen in figures 184, 19¢ and 20a and b, but in this case
|Ae| goes on increasing, even if the temperature is
decreased further. '

In the special case where the dipole contribution is
about the same as the contribution from the anisotropy
of the polarizability — either because the value of
(1 — 3 cos? B) is very small, i.e. at a 8 of about 55 °,
or because the dipole moment y itself is so small — the
situation is different. The effect of .S is greatest at a
temperature just below Tg, and |Ae| increases with
decreasing T. At lower temperatures the factor S
becomes practically constant, but the opposite effect of
the factor S/T remains, so that the total effect is that
|Ae| remains practically constant with decreasing T
(figs. 18¢ and 19b) or even becomes smaller.

Suitable compounds

The theoretical work discussed in the two previous
sections served as a guide in the search for compounds
suitable for practical applications. The search was
directed more especially at finding compounds with an
appropriate temperature range and possessing a large
|Ael. For a twisted-planar layer, which is important for
practical applications, and for the case of a transition
between a cholesteric phase and a nematic phase, it
is desirable to have a large positive Ae. For applica-
tions based on dynamic scattering (e.g. the memory
effect) it is important to have a large negative Ae. In
looking for suitable compounds the emphasis was
sometimes on the required temperature range and
sometimes on a high value of |Ae|, but the aim was of
course always to find compounds that combine both
properties.

In practical applications there are obviously other
requirements to be met, such as a low threshold volt-
age, chemical and photochemical stability, the absence
of toxicity and of colour, but it is beyond the scope of
this article to deal with the various ways and means
used for meeting these requirements.

The main problem in obtaining a suitable tempera-
ture range is usually the melting point (see fig. 16). As
we have seen, the melting points of the classic liquid
crystals are too high for most applications. One way of
lowering the melting point is to remove permanent

121 A more detailed treatment is given in W. H. de Jeu and
Th. W. Lathouwers, Chem. Phys. Lett. 28, 239, 1974.
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dipoles. In other respects the behaviour of the melting
point on a change in molecular structure is difficult to
predict; research on low-melting-point materials is still
largely empirical. In practice it is common not only to
remove permanent dipoles, but also to investigate
molecules that do not have a planar conformation (thus
reducing T), in the hope of finding a low-melting-point
compound. To obtain a suitable temperature range,
eutectic mixtures are also used ; these often have a lower
melting point than the corresponding melting points
of the components, whereas the clearing point is not
much lower (fig. 21).

In the followihg we shall see how a number of com-
pounds have been synthesized to give liquid crystals
with useful properties. We shall classify these com-
pounds in terms of the various substitutions used in
these syntheses.

One of the main objects of a substitution at an ortho-
position or in the bridging group is to obtain a low
melting point. The value of Tt is reduced by the rota-
tion of the aromatic rings in relation to one another
(the twist) — often caused by such a substitution —
and also, in the case of an ortho-substitution, by the
broadening of the molecule. Up to a certain point this
is acceptable provided it is offset by a marked decrease
in the melting point, which can result from the rotation
of the rings.

The para- position is frequently a suitable position
for the introduction of a substituent with a large per-
manent dipole moment in the direction of the long
molecular axis, so as to obtain a high positive Ae. The
bridging group is particularly suitable for the introduc-
tion of a substituent with a permanent dipole moment
perpendicular to the long molecular axis.

Some of the more interesting chemical aspects of this
work are briefly mentioned in the final section of this
article dealing with actual syntheses.

Ortho-substitution

As can be seen in Table I, substitution of a methyl
group at the ortho- position of certain Schiff’s bases
does in fact produce changes in the required direction.
Thus, the octyloxy compound (m = 9) has the accept-
able T¢ value of 68 °C, while the melting point is low-
ered by no less than 50 °C with respect to the non-
substituted compound [13],

An even greater reduction in the melting point can
be obtained by substitution of a hydroxyl group at the
ortho- position of azo- and azoxybenzenes [14]. When
the OH group is introduced in azo- and azoxybenzenes
an intramolecular hydrogen bond is formed (fig. 22).
Instead of the ortho-substitution causing steric hin-
drance, the ortho-substituted OH group is found to
stabilize the molecule in a planar form by the forma-
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tion of the six-membered rings shown. This substitu-
tion gives an extra contribution to the anisotropy of the
polarizability. Some of the azo-compounds are found
to have the desired low melting point (27°, 23° and
even 8 °C), as well as a fairly high T.

Para-substitution

Azo- and azoxybenzenes with alkoxy groups at the
para- position as end substituent were already well
known [18) when we began our work on synthesis in
this field. In particular, we found that the synthesis of
azo- and azoxybenzenes terminally substituted by alkyl
groups was a fruitful line of investigation: As can be
seen in Table II, we obtained a fairly large number of
compounds that combine a sufficiently high clearing
point with a low melting point 161,

A high positive Ae was mostly obtained by sub-
stituting a cyano group at the para- position [17], since
this group has a relatively large permanent dipole
moment (13.5%x 10-30 Cm). We also thought that the
isothiocyanato group (-NCS) might be a suitable sub-
stituent. Although the permanent dipole moment of

/
7-m
TI
A — X B

Fig. 21. To obtain a good temperature range it may be advantage-
ous to use a mixture if this forms a eutectic with a relatively low
melting point, as illustrated here. The clearing point T and the
melting point Tm are shown as a function of the mixture ratio x
of the components A and B. -
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Fig. 22. The structure of an azobenzene (a) and an azoxybenzene
(b) substituted with a hydroxyl group at the ortho- position. The
dashed lines represent hydrogen bonds.
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this group (9.6 10730 Cm) is smaller than that of the
cyano group, we hoped that the greater «; — oy of the
isothiocyanato group, compared with that of the cyano

Table I. Melting points Tm and clearing points 7% (in °C) of a
number of Schiff’s bases and azo- and azoxybenzenes, both sub-
stituted and non-substituted at the ortho- position, with the
following molecular structures:

IN _@— OCm-1Ham-1
ano-Or-¢;

H

’ _@_Ocm tHam-1
B C,Hg O—@— 4

H CH3

N//N—©— OCpmo1Hzm-s

C: C,Hg0

/N@OCm.yHgm_,
b C‘Hgo_@—N“~H-o

--H-Q

Q

\

//N _@ocm-ll'bm-l
oD

A - B C D E
Tm Te| Tm Te | Tm Te Tm T. Tm Te

4 67 68 54 62 68 82
5 65 175 40 83 66 93
6 43 66 36 74 60 88
7 1105 1191 70 — 44 74 8 82 57 93
8 99 116 78 — 23 79 53 91
9 (101 117 | 51 68 27 81 59 93

Table II. Melting points Tm and clearing points T (in °C) of a
number of symmetrical dialkylazo- and azoxybenzenes, with the
following structures:

N~O)-Catome
o

CoHl2mat

// _©>_CMH2moI
CmH.?mol@_

The clearing points indicated by an asterisk are transitions from
the smectic to the isotropic phase.

Azobenzenes Azoxybenzenes
x
" Ta To Tm T,
3 81.5 30.5 . 65 60.5
4 28.5 -5 22 32
5 48.5 4?2 24 67.5
6 37 24 24 54.5
7 40 47 34 71
8 47.5 41.5 39 67
9 37 525« | . 45 76.5%
10 42 53 * 50 76 *
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group, would give a good temperature range for the
mesophase. This did not prove to be the case, however,
and we obtained compounds with somewhat lower T
valuesthan that of corresponding cyano compoundst28],
This is probably because the isothiocyanato group has
a larger molar volume than the cyano group (the sul-
phur atom in particular is rather large), and this, as can
be seen from expression (4), leads to lower values of Te.

Substitution in the bridging group

The bridging group is a suitable position for the
introduction of substituents with a large permanent
dipole moment perpendicular to the long molecular
axis, since substitution at this position does not gen-
erally broaden the molecule very much.

Schiff’s bases, which have a hydrogen atom in the
bridging group, seemed in principle to be suitable for a
substitution of this type. However, the results of in-
troducing a cyano group in this way were not very
satisfactory [19). This is because the permanent dipole
moment of the cyano group is to a large extent com-
pensated by that of the bridging group of the Schiff’s
base.

This result suggested that compounds such as the
stilbenes, which have a non-polar bridging group with
two hydrogen atoms, could be of interest [20), We have
in fact succeeded in synthesizing compounds in this
category with a large negative Ag (21l A promising
compound, for example, is:

/e~4O)-ocats
CZ H5 0_©>_C\
CN

This compound has a Ae of —5.5, and admixture with a
compound of the same type having C4HsO and C;H;5
as end substituents yields a temperature range of
8-42 °C.

(13) Further details are given in J. van der Veen and A. H. Grob-
ben, Mol. Cryst. liq. Cryst. 15, 239, 1971.

[141 Further details are given in J. van der Veen and Th. C. J. M.
Hegge, Angew. Chemie 86, 378, 1974.

1151 See H. Arnold, Z. phys. Chemie 226, 146, 1964, and
R. Steinstrisser and L. Pohl, Z. Naturf. 26 b, 577, 1971.

[161 A more detailed treatment can be found in J. van der Veen,
W. H. de Jeu, A. H. Grobben and J. Boven, Mol. Cryst. liq.
Cryst. 17, 291, 1972. See also J. van der Veen, W. H. de Jeu,
M. W. M. Wannmkhof and C. A. M. Tlenhoven, J. phys.
Chem. 77,2153, 1973.

[17] See G. W. Gray K. J. Harrison and J. A. Nash, Electronics
Lett. 9, 130, 1973.

(18] Further details are given in J. van der Veen, J. Physique 37,
C3-13, 1976.

[19) See also J. van der Veen and W. H. de Jeu, Mol. Cryst. lig.
Cryst. 27,251, 1974.

[20] See W. R. Young, A. Aviram and R. J. Cox, J. Amer. Chem.
Soc. 94, 3976, 1972.

[21] See also W. H. de Jeu and J. van der Veen, Phys. Lett. 444,
2717, 1973.
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Fig. A1. Two molecules that polarize
each other. This leads to the well known
London-Van der Waals attraction, but
in the case of anisotropic polarizabilities
it also leads to a tendency towards
orientational order.

Fig. A2. The curve f(B) and the straight lines S(f) = (kT/A)f -

for various temperatures; 8 =AS/kT. At the temperature T2 the
solution P corresponds to the isotropic phase, P3 to the nematic
phase; Pz is not stable. Below T3, where the straight line is
tangential to the curve at Pi, the isotropic phase is no longer
stable; above T3, where the straight line is tangential to the curve
at the upper bend, the nematic solution no longer exists.

theory it is appropriate to think of spherical molecules with an
anisotropically polarizable centre. The ‘axis’ of a molecule is
considered to be the direction of greatest polarizability.

As in the Weiss theory of ferromagnetism the influence of the
surrounding molecules on the molecule is described by a ‘molec-
ular field’. This field is due to the order of the environment; its
strength is proportional to the order parameter S, defined as

S = (3 cos? 6 — %). (A1)

Here 6 is the angle between the long axis of a molecule and the
director; the brackets indicate averaging over the molecules.
Defined in this way, S is indeed equal to zero in the absence of
orientational order (isotropic phase, {cos? §) = }) and equal to
1 for the hypothetical case of perfect order ({cos? §) = 1). The
potential energy Wi of the molecule  in the ‘molecular field’ is:

Wi =—AS@ cos? 01— 3). (A2)

W, has a minimum for 6; = 0. In orientation, the molecule i is
thus situated in a ‘potential well’ of depth proportional to S. (We
shall come back to the factor A4 later.) The statistical behaviour of
molecule i thus depends on S. Conversely, S can be calculated
from the statistical behaviour of molecule i, since statistically all
the molecules behave identically. To be more exact, S must be
equal to the statistical mean of 4 cos? 81— % over the states of

W. H. DE JEU and J. VAN DER VEEN
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molecule i during its thermal motion in the potential well (A2),
for a given value of the parameter S. Calculation of this statis-
tical mean amounts in effect to weighting the a priori probability
of each orientation by a Boltzmann factor exp(— Wi/kT). The
variable 81 disappears in the averaging process, and the resultis a
function of AS/kT only:

(cos? 01— %) = f(B), B = ASIKT.

The quantity £(f) plotted as a function of f§ is S-shaped; this is
shown greatly exaggerated in fig. 42. This reasoning leads to an
implicit equation for §
S = f(AS/KT).

For a given temperature the value of S is thus found in fig. A2 by
taking the intersection of the curve f(B) with the straight line
S = (kT/A)B, whose slope is proportional to T. The solution is
stable only if the straight line is steeper than the curve at the point
of intersection. At the temperature T2 we therefore find an iso-
tropic phase (P1, § = 0) and a nematic phase (P3, S # 0); the
solution Pg is not stable. Stable solutions are only possible in the
temperature range from T to T3 (see fig. A2); below this range
the isotropic phase is not stable, above it the nematic phase is not
a solution of the problem.

Of the two solutions in the temperature range T1 — T3, the
one for which the free energy, F = U— TZ, is smallest is the
thermodynamically stable solution, and the clearing point T lies
where  Frnematic — Fisotropte i zero. The internal energy
U (== {W31)) and the entropy X for both phases, and hence T. as
well, can be calculated in this model. The result is:

kTe = 4.544, S(To) = 0.43. (A3

Assuming that the dispersion forces between the molecule i
and all the surrounding molecules are responsible for the ‘molec-
ular field’, we find the following approximate value for the con-
stant A in (A2) by a quantum-mechanical calculation [7]:

1 (01— o)

A= ——
go2V2

540 (A9

It is assumed in this calculation that the centres of mass of the
molecules lie in a spherically symmetrical distribution around the
molecule being considered. It is also assumed that the jumps in
molecular energy that are relevant to the polarizations lie in a
single narrow band (at the value I). These are the main approx-
imations used in the calculation. The factor ¥2 in the denom-
inator is directly connected with the marked decrease in the
dispersion’ forces (ec R~-%) with increasing distance (R) between
the polarizable centres.
Substituting (A4) in (A3) gives equation (4) on page 138.

Appendix B. Maier and Meier’s theory on the dielectric constant

The theory due to W. Maier and G. Meier is an extension to
nematics of the Lorentz-Debye-Onsager theory 9] for the polar-
ization of isotropic matter. In the Lorentz-Debye-Onsager
theory the molecules surrounding a given molecule are repre-
sented by a continuum of dielectric constant &; the molecule
considered is situated in a spherical cavity in the continuum. The
quantities /1 and F in equations (5) and (6) are directly related to
the fields encountered in this cavity under various conditions.

We shall first consider polarizable molecules with no per-
manent dipole moment (& 7 0, # = 0). The polarization is

P, = NaF;, (B1)

where Ej is the ‘internal field’ to which the molecule is subject in
the cavity, i.e. the field found in the cavity when the charge distri-
bution of the surroundings is first fixed and the molecule is then
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removed ( fig. Bla). This Lorentz field, as it is called, is gi\'len by:

8+260E

Ey = 3%

(B2)

It differs from the ‘cavity field’ E, that is found when the sur-
rounding environment is allowed to readapt after the molecule
has been removed (fig. B1b). This field E. is given by :

3e
Ec = IIE, II = m . (83)
On applying the formal relation
P = (¢~ e0) E, (B4
equations (B1) and (B2) give the Clausius-Mossotti equation:
e—¢gp Na’
€+ 2c0 360 (B3)

If the molecule also has a permanent dipole moment g, the situa-
tion is much more complicated. The mean contribution of a
molecule to the polarization now consists of two parts. First
there is the mean induced moment:

p = oF;, (B6)

where Ej is again the field found in the cavity when the charge
distribution of the surroundings is first fixed and the whole
molecule then removed (fig. B2a). The second part, the mean
permanent dipole moment, is determined by Boltzmann statistics
for a permanent dipole in the field to which it is subjected:

== Eu. (B7)

L. Onsager showed that Eg in (B7) should not be identified with
the internal field Ej, since Ej contains a component that is not
relevant to the Boltzmann statistics of the dipole. This part of the
field is known as the reaction field R, the field that the dipole itself
excites in the cavity through its polarization of the surrounding
environment; it is always parallel to u and does not therefore
have any orientational effect on p.

Direct calculation of the reaction field R of a non-polarizable
dipole in a spherical cavity of radius a gives:

1 2e— 2¢p

= - ., B
R=fp f 47eoad 2e + e (B8)
For the reaction field of a polarizable dipole we must have
R=/f(px + aR),
and therefore
R=fFu, F=(Q1-fa)L (B9)
TN
to
N1
E; E.
a b

Fig. Bl. Internal field E; and cavity field Ee. a) E is the field that
is found in the cavity when first the charge distribution of the
environment is fixed and the molecule is then removed ; E; deter-
mines the induced dipole moment. b)) When the environment is
allowed to readapt after removal of the molecule, the ‘cavity
field’ E, arises. .
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The internal field is therefore composed of the mean reaction
field and the ‘directing’ field Eq in (B7):

Ei= Eq + R = Eq + fFp. (B10)

The directing field Eq can be determined by a hypothetical
experiment in which the permanent dipole in fig. B2a is removed
and the environment and the induced dipole are allowed to
readapt (fig. B2b). The reaction field is thus removed and Ey
remains. If the induced dipole is now removed as well and the
environment is again allowed to readapt (fig. B2c), then the
cavity field Ec is obtained (B3). It follows that the difference
between Eq and E. is the reaction field of the induced dipole aEq
of fig. B2b:

Eq = E. + faEq,
and hence

Eq = FE. = FhE. (B11)

The equations (B6), (B7), (B10) and (B11) can now be combined
to give an expression for the total polarization N(p -+ u) in terms
of E. Together with (B4) this yields Onsager’s result:

u?
e— &0 = NhF(a + F =—=).

KT (B12)

The quantities /» and F are themselves combinations of ¢ and «,
while in addition F contains the radius a of the cavity. This radius
is usually chosen in such a way that the volume of the cavity is
equal to the volume available per molecule:

47a®/3 = 1/N. (B13)

Maier and Meier’s theory for anisotropic molecules (19 links
up closely with that of Onsager. Here again it is assumed that the
molecule is contained in a spherical cavity in a continuum. In
addition the anisotropy of € and « is not taken into account in the
correction factors &, f and F. The general pattern of the calcula-
tion is as follows.

Let us consider a molecule whose longitudinal axis I (the direc-
tion of easy polarization) makes an angle 6 with the director
(along the z-axis); see fig. B3. We assume that a field E acts on
the molecule in the z-direction. To find the induced dipole moment
in the z-direction we first have to resolve E into its components
along the /- and t-axes, and the components in the z-direction of
the resultant induced moments must then be summed. This gives:

< py > = (o1 cos? 0 4 oy sin2 ) E.

Taking the mean over the orientation of all the molecules gives

) = [o + (o1 — a)S]E, (B14)
e
ultp
N1
E; Ey E.
a b c

Fig. B2, Internal field Ej, directing field Eg and cavity field E..
a) Ei is obtained by first fixing the environment and then remov-
ing the molecule. ) Eg is obtained by first removing the per-
manent dipole, then fixing the environment and finally removing
the molecule. ¢) Readaptation of the environment to the empty
cavity again gives E.
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where
@ = $(ou + 2a).

Equation (Al) has been used here to express {cos?8) and
{sin? 8) in terms of S.

Fig. B3. The long axis / of the molecule is assumed to be at an
angle 6 to the preferred direction z. To calculate &, an electric
field E is applied in the z-direction.

z
/
7
8
B
/'\\\
N
\ y
)
x -—
¢

Fig. B4. Calculation of the component in the preferred direction z
of the permanent dipole j; 8 is the angle between the permanent
dipole and the long axis /.
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For “the contribution of the permanent dipole moment of the
molecule in a particular orientation (see fig. B4) to the dipole
moment in the z-direction we find :

) = p cos fcos 0 + psin Bsin ¢sin 0.

We must now calculate the mean value of y,; in the presence of
both the electric field as well as the ‘nematic potential’ W (eq. A2).
The first averageing process is indicated, just as in the isotropic
case, by a bar, and the second, as in Appendix A, by brackets.
For the potential energy U of the dipole in the electric field we
have: U = —u.E. In the usual linear approximation:

exp {—(U + W)/kT} = (1 — U/kT) exp(— W/kT),
we find:
() = {enQ + ppEIKTY) = {u %) EIKT.
With {sin? ¢) = 4, and again using (A1), we find:
{u®y = +p2 (1 + (3 cos? B — 1)S].

Now bearing in mind, as in Onsager’s approach, that the field in
(B14) is an internal field and that the field in (B15) is a directing
field, we find:

(B15)

2
g — &0 = NI:F[E + %(on— a))S + FS'I-;—T {14+ (3cos2f— l)S}],

and, similarly:

2
£, — g0 = NIzF['o"c— $o— a)S + F ol {1— 4(3 cos? f— 1)5}].
With € = 4(g, + 2&,) and Ae = g — ¢, the equations (5) and
(6) then follow.

Summary. In the liquid-crystalline phase exhibited by many or-
ganic compounds with elongated molecules (‘mesogenic’ com-
pounds) — which lies on the temperature scale between the solid
and the isotropic-liquid phase — the compound is liquid but also
anisotropic in quantities such as the dielectric constant ¢ and the
refractive index n. In nematic liquid crystals, the main subject of
the article, neighbouring molecules have their long axes parallel,
except for deviations due to thermal fluctuations; the director
gives the mean local direction. By setting appropriate boundary
conditions thin ‘homeotropic’ and ‘uniform-planar’ layers, with a
uniform director pattern, and also ‘twisted-planar’ layers can be
obtained. Because ¢ is anisotropic a voltage applied across the
layer can change the director pattern (‘Frederiks transition’),
resulting for example in a change from transparent to opaque of
a twisted-planar layer between crossed polarizers. For digital dis-
plays in watches and pocket calculators this is currently the most
important effect.

Qur research on liquid crystals has_been aimed primarily at
establishing relations between the molecular structure of a
mesogenic compound and its physical properties. The article
above deals in particular with the effect of the molecular structure
on the clearing point and the dielectric properties of the nematic
phase. Mesogenic compounds of four types — azo- and azoxy-
benzenes, Schiff’s bases and stilbenes — are taken to illustrate
how the theoretical knowledge obtained has made it possible to
synthesize compounds suitable for practical applications. Some
interesting chemical aspects of some of the syntheses are also
discussed.
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Ferroxdure

C.A. M. van den Broek and A. L. Stuijts

Permanent magnets are found everywhere in our modern civilization. In toys, cupboard
catches, electric clocks, cassette recorders, loudspeakers and television receivers; in
windscreen wipers, fans, tachometers and ammeters; in ore separators, cranes, milling
and grinding machines, relays and precision motors. The materials for these magnets may
be divided into two groups: the magnetically hard alloys which, like the Philips product
Ticonal, were introduced in the thirties, and the magnetically hard ferrites of the fifties.
Unlike the alloys, the ferrites contain no scarce and expensive materials such as nickel
or cobalt. This is the main reason for their economic success; in about 1970 the ferrites
took the lead over the alloys in world production measured in tonnes per annum. Some
minor deviations apart, the chemical composition of these ferrites is either barium hexa-
Jerrite or strontium hexaferrite. Carefully controlled ceramic processing is essential to
give the products the desired properties. At the time of their discovery and development
these materials were given the name Ferroxdure. It is now 25 years since Philips first
introduced Ferroxdure with a publication in this journal and an exhibition of the first
applications at the Hanover Trade Fair. We think this is a proper occasion for drawing

attention once again to the research on this material and its technology.

Introduction

In 1952 mention was made for the first time of a
group of new materials, called ‘Ferroxdure’ [11, These
materials, ceramically processed ferromagnetic oxides,

are magnetically hard and dre therefore suitable for

permanent magnets. The opinion expressed at the time
was- that these new materials were of great economic
importance. That opinion has been fully confirmed:
the total world production of magnetically hard fer-
rites — which, in composition and crystal structure, all
belong to the same group — is now estimated at about
70 000 to 80 000 tonnes a year, with a value of some
200 million dollars. Fig. I shows how these ferrites
have acquired an ever increasing share of the world
production of permanent magnets, measured in tonnes
per annum.

Compared with other materials for permanent
magnets, Ferroxdure was characterized by an excep-

Ir C. A. M. van den Broek is with the Ceramics Laboratory of the
Philips Elcoma Division, Eindhoven. Prof. Ir A. L. Stuijts, is a
Scxenttﬁc Adviser with Philips Research Laboratories, Eindhoven,
and is Professor Extraordinary in the Technology of Inorgamc
Materzals at Eindhoven University of Technology.

tionally high coercivity, combined with a remanence
which, though not very high, is valuable for practical
purposes. With such a material, it became possible to
produce magnets of shapes such that they would have
almost completely demagnetized themselves if made of
a different material. Typical cases were flat ring mag-
nets, magnetized perpendicular to the plane of the ring,
or transversely magnetized rods with many north and
south poles closely adjacent to each other (fig. 2).
Ferroxdure is also highly resistant to external demag-
netizing fields, as encountered in d.c. motors, for .
example. These novel properties were exploited on a
large scale, e.g. for making flat loudspeakers and com-
pact d.c. motors.

Let us examine these properties in somewhat more
detail. A magnetic material is often rated in terms of
its ‘maximum energy product’ (BH )max, the maximum
of the BH product along the demagnetization curve
(B is the magnetic flux density, H the magnetic field).

(1 J, J. Went, G. W. Rathenau, E. W. Gorter and G. W. van
Qosterhout, Philips tech. Rev. 13, 194, 1951/52.
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Fig. 4. Demagnetization curves in the B-uoH diagram: a) for a
magnetic alloy, e.g. Ticonal, b) for Ferroxdure (schematic, not
drawn to scale for clarity). Br remanence, H. coercivity. The
operating point P is the point where the demagnetization curve
cuts the load line /, which is determined by the magnetic circuit.
The classical alloys call for long thin magnets (steep load line /,
operating point P1); in short thick magnets (/’) demagnetization
occurs (P1’), which is irreversible: when H decreases again, the
material follows the dotted arrow. With the same load line there
is no irreversible demagnetization in Ferroxdure. In this figure,
and in the text of the article, H represents the value of the
demagnetizing field, i.e. a field which, at positive H, is opposite to
the original magnetizing field.

Ferroxdure is manufactured either in solid ceramic
form or in the form of ceramic particles dispersed in a
plastic. Both forms can be isotropic or anisotropic.
Afisotropic material has to bemagnetized ina particular
direction, and it has better magnetic properties in that
direction than isotropic material. The isotropic material
is more suitable for multipole magnets, and is cheaper.
The solid form is hard and brittle, so that magnets of this
material can only be finished by grinding. The ‘plasto-
ferrite’ is of lower magnetic quality, but it can be
stamped and cut and can be produced in the form of
flexible sheets. Table I shows some typical applications
of the various types [4].

The properties of each of these types can be varied
quite considerably by variations in the method of prep-
aration. As an example fig. 7 shows the demagnetiza-
tion curves of some varieties of sintered anisotropic
Ferroxdure. The good use that can be made of this
freedom may be summarized very schematically as
follows. We assume that the demagnetization curves in
the J- uoH diagram are rectangular, where J is the mag-
netic polarization ( fig. 8a). We further assume that the
saturation polarization is a fixed quantity, given by

21 G. W. Rathenau, Proc. 3rd Eur. Conf. on Hard magnetic
materials, Amsterdam 1974, p. 7.

[31 H. Zijlstra, Philips tech. Rev. 34, 193, 1974.

41 More details of the properties and applications of Ferroxdure
are given in Philips Data Handbook, Components and
Materials, Part 4b. )
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Table 1. Applications of Ferroxdure.
Anisotropic Isotropic Anisotropic Isotropic
Ferroxdure Ferroxdure plastoferrite | plastoferrite
Loudspeakers | Small electric | Small electric | Refrigerator-
Windscreen- motori:sc (()t::i):esx:s) motors door magnets
wiper motors . Correctionr
Fan motors Correction magnets fo
magnets for. television
Industrial television tubes
. motors tubes .
Magnetic Holding
holding (catch) magnets .
systems Rotors for
Magnetic cycle dynamos
separators
Clocks
Relays
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Fig. 5. The slope (BfuoH) of the optimum load line — for which
the operating point coincides with the point of maximum BH —
for the materials in fig. 3 (2], A low slope allows short thick mag-
nets to be made.
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Fig. 6. Comparison of the price per unit of available magnetic
energy (Pr) for the materials in fig. 3 [2),
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the number of atomic magnetic moments per unit
volume, and that the coercivity can always be in-
creased, depending on the expense and trouble in-
volved. A simple calculation then shows that the
optirﬂuin operating point for demagnetization curves
of type I in fig. 8b (uoHe < 4Br) lies at the ‘knee’ P,
but that for curves of type 2 (uoH: > 4By) it lies at
P (uoH = B = %B;). With increasing He, (BH)max
increases until Hc reaches. the value 4B:/uo; it then
remains constant. There is therefore no point in making
H, larger than 1B:/uo, if it is assumed that the only
criterion is the highest possible (BH )max. Nevertheless,
H, generally has to be made higher, because the opera-
ting point must never fall beyond the knee (fig. 8¢).
Two things that might bring this about are a tempera-
ture reduction, which will produce a decrease of Hy, at
least in the case of Ferroxdure (fig. 84), and strong
fluctvations in the demagnetizing field (e.g. in motors).
These effects might be cumulative, as when switching
on the motor of a frozen windscreen wiper at a tempera-
ture of —30 °C. The requirement that the stator magnet
should remain fully magnetized even under such
extreme conditions led to the development of the type
FXD 270 (see fig. 7).

{ ppH=04T 03 02 o1 0)
4kQe 3 2 7 0
4kGs| 04T
B
3k ~10.3 T
ol 40.2
1t 401
0 0
-1k 1-0.1
FXD
270 360|330 {360 {300
<

350kA/m 300 250 200 150 100 50 0

H~-—

Fig. 7. Demagnetization curves at 25 °C for varieties of solid-
sintered anisotropic Ferroxdure. :
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After the discovery of Ferroxdure — the discovery
of a ‘stubborn’ kind of magnetism in a new oxidic
powder — it was very soon developed into a viable
permanent-magnetic material. This could be done
because ferrites and permanent-magnet steels and
alloys were the subject of intensive research at Philips
Research Laboratories at the time of the discovery.
Among the results of this research were the soft
‘Ferroxcubes’ and the alloy Ticonal. In these ciicum-
stances rapid progress could be made in grasping the
physical and chemical fundamentals of the new ferrite
and determining the desired microstructure for the
ceramic product.

In this article, after summarizing the knowledge of
the crystal chemistry, magnetic and microstructural
aspects gained by about 1954, we shall discuss a num-
ber of investigations and developments that have taken
place since that time. They will be divided, somewhat
arbitrarily, into two categories: ‘materials research’
and ‘technology’ 191,

Chemical composition, saturation polarization and aniso-
tropy; the desired microstructure

Except for minor differences necessary for the
ceramic process, the composition of Ferroxdure is
MPFelJO19, where M stands for Ba, Sr or Pb. The com-
position is often referied to as a ‘hexaferrite’, since it
can be thought of as a compound of MO and FezO3 in
the ratio of 1 to 6. Most of the research has been on the
barium compound. The strontium compound is a little
more expensive, but is superior if a high coercivity is a
prime requirement, as in electric motors. The lead
ferrite is not used because of the associated environ-
mental pollution problems and because it is more
expensive.

The value of the saturation polarization J; was satis-
factorily explained in 1952 on the basis of the crystal
structure, which had been determined in 1938, and by
applying the theories of L. Néel and P. W. Anderson
on ferrimagnetism (1. The iron ions are divided among
five sublattices. They interact in.a ‘superexchange’

‘process in such a way that out of the twelve iron ions

per formula unit there are eight whose magnetic mo-
ments (‘spins’) have the same orientation and four
whose magnetic moments have the opposite sense.
Together with the strong ‘magnetic dilution’ with
oxygen, this partial compensation of magnetic mo-
ments is responsible for the relatively low values of J;
and Br. The subject of the (hexagonal) crystal structure
and the sublattices will be dealt with presently in a
broader context (see fig. 12).

The magnetic hardness of the material depends
essentially on the hexagonal, strongly anisotropic crys-
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Fig. 8. Schematic situation with rectangular demagnetization
curves in the J-uoH diagram, a fixed saturation polarization and
avariable coercivity. a) The demagnetization curves in the J-uoH
diagram. b) The demagnetization curves in the B-uoH diagram
(B = —uoH + J). In curve I the optimum operating point lies at
Py, in curve 2 at Pm. ¢) When the operating point goes from P to
Q and the demagnetizing field decreases, the material follows the
curve g instead of the old curve; flux has been lost. ) With
decreasing temperature the coercivity of Ferroxdure decreases
(T’ < T); as a result the operating point may go beyond the knee.
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Fig. 9. Ferroxdure with non-oriented crystals (above) and with
oriented crystals (below). a) Non-magnetized material, b) the
material in a saturating field, ¢) the material after saturation
without external field. The small rectangles represent cross-
sections of the plate-like crystals, the arrows their magnetic
moments. These have a preference for the c-axis, perpendicular
to the platelet. :

tal structure; the hexagonal axis (the ‘c-axis’) consti-
tutes a strongly preferred (easy) direction for the result-
ant moment. A measure of this ‘intrinsic hardness’ is
the anisotropy field Ha, the field theoretically required
to reverse all the spins as one unit in a saturated single

crystal. This is given by:
HA = 2K/JS: (1)

where K is the anisotropy constant, i.e. the work neces-
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sary to rotate the polarization from the easy direction
into the direction perpendicular to it. In barjum hexa-
ferrite the value of Hy is about 1400 kA/m (17 kOe).
The quantity Hs can be considered an absolute
maximum for the coercivity He. In practice, however,
H, is always much smaller, mainly because relativ-
ely weak fields may often be capable of changing
the magnetization through domain-wall movements
(Bloch-wall shifts). According to C. Kittel’s ‘single-
domain’ theory, to obtain a high coercivity the material
must therefore be divided into such small particles that
each particle consists of only one magnetic domain,
and therefore has no Bloch wall. Although this theory
does not in fact give a valid explanation for the
existence of a coercive field [3], its application was very
successful. The critical particle size in barium hexa-
ferrite was calculated to be about 1 um from this
theory, and indeed it is found that at this particle size
the value of H, increases very strongly when an initially
coarse powder is more finely ground. The ceramic end-
product ‘Ferroxdure’ must therefore have a micro-
structure of crystallites no larger than about I pm.
The existence of a coercive field is undoubtedly a
much more complicated effect than is suggested by the
single-domain theory. It is not so much a question of

‘whether Bloch walls are present or not, but more of the

ease with which they arise and are displaced when the
field changes. Bloch walls occur more easily, for
example, in particles with a rough surface than in
particles with a smooth surface. It has been found that
the coercivity of a powder produced by milling a
sintered product can be increased from say 150 to
400 kA/m (2 to 5 kOe) by tempering the powder at 900
to 1000 °C. Bloch walls are also generated more readily
at certain types of crystal defect than elsewhere in a
crystal. Presumably the success of the single-domain
theory is not therefore attributable to the absence of
Bloch walls in a subcritical particle, but to the-fact that
the probability of a crystal defect in such a particle is
very small. The magnetic hardness of Ferroxdure
would in this respect show some resemblance to the
mechanical strength of ‘whiskers’.

In 1954 the material was substantially improved by
orienting the crystallites (81, In isotropic material the
magnetic moments of the crystallites, in zero field after
saturation, are randomly distributed over a hemisphere
(fig. 9). In anisotropic Ferroxdure, on the other hand,
which is the material now most widely used, the c-axes
and hence the moments after saturation are approx-

[51 More information on both soft and hard magnetic ferrites is
given in: J. Smit and H. P. J. Wijn, Ferrites, Philips Technical
Library, 1959, and on hard ferrites in: G. Heimke, Keramische
Magnete, Springer-Verlag, Wien/New York 1976.

A. L. Stuijts, G. W. Rathenau and G. H. Weber, Philips tech.

Rev. 16, 141, 1954/55.

(6]
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imately parallel. Consequently the remanence is about
twice as great and (BH )max is about four times higher.
At the time it was a surprise that the attempts to

produce crystal-oriented Ferroxdure were so successful.

It was feared, quite reasonably, that the orientation of
the crystallites, achieved with much difficulty in the
compacted product, would be lost during sintering.
The result exceeded all expectations; the texture was
not only preserved but was indeed greatly improved.
Eventually it turned out that this was because the grain
growth that occurs during sintering is mainly a growth
of the well aligned crystals at the expense of the poorly
aligned crystals. : ’

The orientation does introduce some slight reduction
in the coercivity, however, because the ‘pressure’ of a
demagnetizing field on a Bloch wall is greater in an
oriented particle than on a wall in a non-oriented
particle; see fig. 0. For this reason, if the material is
to be subjected to strong demagnetizing fields, as in
d.c. motors, a compromise must often be found be-
tween high remanence and a large coercivity.

To sum up, the materials technologist has to produce
a densely sintered hexaferrite with a microstructure of
small and preferably oriented crystallites. We shall
return presently to the associated technological prob-
lems.

Materials research since 1954

The steady improvements in the properties of Ferrox-
dure since 1954 have been mainly technological. Scien-
tific research on the chemistry and physics of the mat-
erials has not really led to actual intrinsic improve-
ments since that time. It has, however, led to new,
interesting lines of investigation, to a better under-
standing of the properties of the materials and to a
broadening of their technical possibilities. We shall
touch here on some highlights of this research.

Related compounds; Ferroxplana; crystal structure

A new line of investigation was initiated by the
discovery of a new compound, BaFe}FeltO,, (W in
fig. 11), which is closely related chemically and mag-
netically [7). This compound turned out to be very
difficult to synthesize, however: the balance between
the ferric and ferrous ions can be very easily upset if the
atmosphere during preparation is slightly too reducing
or too oxidizing. Such considerations led to the sub-
stitution of Ni2+, Co2*, . . . for the ferrous ion. Similar
substitutions in the cubic ferrites had resulted in the
successful, magnetically soft Ferroxcubes. As a result

of this research, barium-Ferroxdure may be regarded -

as a member of a family of magnetic ferrites shown in
fig. 11, the upper part of the ternary diagram for the
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BaO-MeO-Fe203 system. Here Me represents a small
divalent metal ion: Mn, Fe, Co, Ni, Zn or Mg. The
Ferroxcubes are represented by S, Ferroxdure by M.
B is the non-ferromagnetic compound BaFez04.

The compounds W and Z thus produced closely

_resemble M; owing to a strong preferred direction for

the moments they are magnetically hard. There is one
exception, however: when cobalt is substituted the
moments try to avoid the c-axis, and prefer to align
themselves in the plane perpendicular to it. This marked
the discovery of a new class.of materials, called ‘Ferrox-
plana’ 8], In the compound Y, which is the most
important representative of the class, the magnetic mo-

—| —H

‘ .__.H
Fig. 10. Crystallite with a Bloch wall (dashed) in a demagnetizing
field H. Above: a non-oriented particle, below: an oriented
particle. The energy gain per centimetre shift of the Bloch wall,

and hence the pressure on the Bloch wall, is greater in the
oriented particle than in the non-oriented one.

100,0
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Fig. 11. Upper part of the ternary diagram of compositions in the
system BaO-MeO-Fez03. Me represents the divalent ion of Mn,
Fe, Co, Ni, Zn or Mg. S Ferroxcube, M Ferroxdure. B is non-
ferromagnetic. In the compounds Y, Co-Z and Co-W (‘Ferrox-
plana’) the plane perpendicular to the c-axis is the preferred plane
for the magnetic moments. As in M, the c-axis is the easy direc-
tion of magnetization in the other Z and W compounds. Com-
position of the compounds:
S: MeFe04,

B: BaFe:Oy,

M: BaFe;2019,

W: BaMegFe16027,
Y: BaMeFesOm,
Z: BazMezFe2404:.
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ments have a preferred plane for all of the substitutions.
The crystal structures of the compounds in fig. 11
are closely related; they are all close-packed sphere
structures of 0% ionsin which the Ba2+ jons, of about
the same size, occupy oxygen sites, and the much smal-
ler Fe3*+ and Me?* ions occupy the interstices between
the O ions. The relationship goes much further than
this, however. If we start from the familiar spinel
structure (the structure of S), we can think of the
structures of M, W, Y and Z as built up from spinel
layers — slabs of the spinel structure four or six oxygen
Iayers thick — with one or two layers with barium be-
tween them [9), Fig. 12 shows the structure of M.

o
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Fig. 12. Crystal structure and magnetic sublattices of Ferroxdure
(M in fig. 11). The figure on the left shows the atoms in a mirror
plane that contains the c-axis. From this the whole crystal can be
reconstructed by rotations of 120° about the threefold axes (the
vertical lines) and reflections in the mirror plane m. (The spin
states are not reflected.) Right: three planes perpendicular to the
c-axis, demonstrating the -+ 120° rotations.

The indications by the iron ions correspond to the sublattices,
which are specified in the table below. The table gives the type of
site occupied by an iron ion, the coordination (the number of
oxygen neighbours, the corners of the site), the number of ions
per formula unit and the orientation of the spin. In the figures on
the right the six oxygen ions that form the octahedron containing
the 12k ion in the layer in between are shown hatched.

The square bracket at the left indicates a ‘spinel slab’, a piece
of the spinel structure. The crystal may be regarded as built up
from spinel slabs of four oxygen layers joined by barium-contain-
ing oxygen layers.

Sublattice 12k 4f1 4f> 2a 2b

Site Octa- | Tetra- | Octa- | Octa- | Trigonal
hedron|hedron|hedron|hedron|bipyramid

Coordination 6 4 6 6 5

Number of ferric

ions per formula unit 6 - 2 2 1

Spin 1 l ! 1 T
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Substitution research

Fig. 12 also shows how the eight ‘spin-up’ and the
four ‘spin-down’ ferric ions per formula unit are dis-
tributed among the sublattices. The substitution of
non-magnetic ions for ‘spin-down’ ions would increase
the saturation polarization Js and thus intrinsically
improve the material. A great deal of experimental
work on substitutions was directed towards this, but
without success. In the first place, substituted ions often
take the place of ‘spin-up’ ions. But even if they take
the place of ‘spin-down’ ions, as in the case of
Zn substitution, the effect on the saturation polariza-
tion at room temperature is nevertheless negative,
because the magnetic structure has been weakened.
This is reflected most clearly in a marked decrease in
the Curie point.

Substitutions can, however, be used for other pur-
poses. When J; is reduced, and K remains unchanged,
the anisotropy field H4 increases (see eq. 1), and this
leads to expectations of an increased coercivity. In
practice the relative increase in H. due to the sub-
stitution is often found to be much greater than in H,.
With Al and Cr substitutions, for example, the coer-
civity could be substantially increased without greatly
reducing the remanence [101, A substitution of this type
accounts for the special properties of FXD 270 (see
fig. 7). Substitutions are also used in high-frequency
applications (e.g. in microwave isolators), for tuning
the resonant frequency by varying H (101,

Méssbauer spectroscopy

A valuable aid in substitution research is Mdss-
bauer spectroscopy. Here the spectrum of the res-
onance absorption of gamma radiation by the iron
nuclei is determined, with excited iron nuclei from
radioactive cobalt forming the radiation source [111,
The Mé&ssbauer spectrum of an absorbing iron ion is
strongly affected by its nearest oxygen- and iron-ion
neighbours. Since the five sublattices each have dif-
ferent nearest-neighbour environments, the sublattices
can be studied separately. 1t is for example possible to
follow closely how the Al ions in BaAlzFej2-;0qo first
occupy 2a sites when x is increased and then, when the
2a lattice is full (x = 1), take up positions in the 12k
lattice 121,

71 H. P. J. Wijn, Nature 170, 707, 1952.
P. B. Braun, Nature 170, 708, 1952.

18] G. H. Jonker, H. P. J. Wijn and P. B. Braun, Philips tech.
Rev. 18, 145, 1956/57.
A. L. Stuijts and H. P. J. Wijn, Philips tech. Rev. 19, 209,
1957/58. .

91 P. B. Braun, Philips Res. Repts. 12, 491, 1957.

(10} See for example L. G. Van Uitert, J. appl. Phys. 28, 317,
1957.

1] See for example J. S. van Wieringen, Philips tech. Rev. 28,
33, 1967.

[12] See for example J. G. Rensen, J. A. Schulkes and J. S. van
Wieringen, J. Physique 32, C1-924, 1971.
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Fig. 13. a) The internal field (H) of the various sublattices of Ba-
Ferroxdure as a function of the temperature T, from Mossbauer
measurements. b) The saturation polarization Js of Ba-Ferrox-
dure as a function of temperature. The solid curve is derived from
(a), taking into account the number and orientation of the spins
in each sublattice, as indicated in the table in fig. 12. The polar-
ization per atom of a sublattice is proportional to Hj. The
circles are experimental values; the vertical scale is adapted to
give the best match to the curve [11),
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Fig. 14. Anisotropy due to dipole-dipole interaction in a system
of two coupled magnetic moments. When the two moments are
coupled in parallel (e.g. due to superexchange), they have a lower
energy in position a than in position b, because of their magnetic
interaction. By the same principle, large spin systems may also
exhibit anisotropy.

lo~

The application of Mossbauer spectroscopy to
Ferroxdure was an important step in the explanation
of the unusual variation of the saturation polarization
with temperature. In most magnetic materials this
variation approximates to a Brillouin function, but in
Ferroxdure it is roughly linear. From Mé&ssbauer
measurements it may be concluded that the reason for
this anomalous behaviour is to be found entirely in the
12k lattice; see fig. 13. The unusual form of the polar-
ization of this lattice has a dominant effect on the total
polarization, since the 12k ions occur in relatively large
numbers and in addition the other lattices partially
compensate one another.
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Origin of the strong anisotropy

A question of scientific interest is the origin of the
strong anisotropy of Ferroxdure. The mechanisms that
can account for it are dipole-dipole interaction and spin-
orbit coupling 131, The contribution of dipole-dipole
interaction can be calculated accurately for each lattice
of magnetic moments (see fig. /4). In spin-orbit coup-
ling the spin direction of the ion is coupled to the lattice
via the orbit. This effect is difficult to calculate for the
ferrite considered here, largely because free ferric ions
in the ground state have no orbital moment (L = 0),
so that the mixing of excited states (L % 0) into the
ground state by ‘perturbations’ is essential here. The 2b
lattice is a special one in this connection: the ions in
this lattice are strongly ‘perturbed’ due to the unusual
fivefold coordination, and the spin-orbit coupling of
these ions might therefore make a considerable con-
tribution to the anisotropy.

Assuming that the spin-orbit coupling is responsible
for the difference between the measured anisotropy
coefficient K and the calculated dipole-dipole term, it
must largely account for the high positive value of the
anisotropy constant K in Ferroxdure M, since the cal-
culated dipole-dipole term is relatively small. In Y, on
the other hand, the calculated (negative) dipole-dipole
term has a substantially higher absolute vatue than the
(negative) experimental value of K; apparently the spin-
orbit coupling here compensates part of the dipole-
dipole interaction.

The contribution from spin-orbit coupling that is
obtained in this way is greater for M than for Y. The
difference may well be due to the contribution from the
2b lattice of M (see above), since no such lattice is
found in Y [13], In the M&ssbauer spectrum a perturba-
tion of the ferric ion is manifested in a shift of the
absorption lines, and the lines of the 2b spectrum are
indeed found to be more displaced than the others.
However, it should not be inferred from this that the
2b lattice has a dominant effect on the anisotropy, since
the other lattices — which together contain eleven
times as many ions — also exhibit fairly marked line
shifts [11],

It is also interesting here to mention the compound
LaFe;20;9 [14). Because La is trivalent, one out of
every twelve iron ions is a ferrous ion. The compound
is very strongly anisotropic (at low temperature K is
about 212-,' times greater than in Ferroxdure). This is
undoubtedly due to spin-orbit coupling of the ferrous
ion, which does have an orbital moment.

Magnetic bubbles

Finally, we should remember here that the cylindrical
magnetic domains now known as ‘bubbles’ — carriers
of a single bit of information in bubble-domain mem-
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theoretical relation between the longitudinal per-
meability p,, of parallel stacked cylinders and the
diameter of the cylinders. With the measured values for
p,, diameters are then found that correspond rea-
sonably well to the diameters of the particles as es-
timated, for example, from scanning-electron-micro-
scope photomicrographs of the original powder.

As stated earlier, this study related to the structure of
a cake with a porosity of about 60 vol. 9. Further
measurements have shown that the degree of orienta-
tion (Jr/Jg) of the product that is completely compacted
in a parallel field is about 109 lower than that of the
original suspension [22],

Sintering

Ferroxdure is sintered by firing it in an oxidizing
atmosphere. In the factory this is usually done in elec-
trical or gas-fired furnaces with a capacity of 1000 to
4000 tonnes per year.

For both prefiring and sintering it is essential to have
a knowledge of the phase diagram. The phase dia-
grams of the systems used are now reasonably well
known. Fig. 28 shows part of the diagram for the
system SrO-FeqOs.

We shall now discuss the results of a large series of
experiments with crystal-oriented Sr-Ferroxdure, which
clearly demonstrate the effects of the sintering tempera-
ture and the composition on the sintered product [24],
In these experiments a standard sintering programme
was used with only one variable, the sintering tempera-
ture T ( fig. 29). The powder used in all the experiments
was milled to a mean particle size of 1-2 um.

It has long been known that the sintering reactivity
is very low for a stoichiometric composition, and can
be greatly increased by an excess of the alkaline-earth
ion. This is clearly demonstrated in fig. 30. Here n is
the molar ratio between FepO3 and SrO (n = 6 for the
stoichiometric composition). As can be seen, at
n = 5.90 the material is far from completely sintered
even at 1300 °C, whereas at n a2 5.5 it is already den-
sely sintered at 1150 °C. This effect is generally attri-
buted to an increased diffusion rate due to lattice

defects or to the occurrence of a liquid phase. The

results of fig. 30, combined with those of fig. 28, sug-
gest that a liquid phase does not occur here: there is
dense sintering apparently even below the eutectic
temperature (1210 °C).

[21] S, Strijbos, Proc. 3rd Eur. Conf. on Hard magnetxc materials,
Amsterdam 1974, p. 102.

[221 F, Kools, to appear shortly in Ber. Dtsch. Keram. Ges.

(23] P, Batti, Ceramurgia 6, 11, 1976.

[24] This investigation was carried out by Ir G. S. Krijtenburg, of
the Ceramics Laboratory of Philips Elcoma Division, Eind-
hoven. See also Proc. 3rd Eur. Conf. on Hard magnetic
materials, Amsterdam 1974, p. 83.
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Flg 27. Permeability to water, p, of a cake just formed (P = P,
in fig. 26) as a’ function of the strength of the applied magnetic
field; py|, field paraliel to the pressing direction; p, field perpen-
dlcular to it.

1500°CT
T
T 1400
1300}
12001
| I { 1
0 20 40
F9203 — wt % Sr0

SI'FEIZ 019

Sl'yFem 022

Fig. 28. Part of the phase diagram of the system SrO-Fe203 [23),
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Fig. 29. Normalized sintering programme with one variable, the
sintering temperature Ts. a)y Rapid heating to 1000 °C. b) Tem-
perature rise of 100 °C per hour to the desired sintering tempera-
ture. ¢) Sintering for ten minutes at the temperature 7. d) ‘Free’
cooling.
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It has also long been known that sintering is asso-
ciated with grain growth. Because of this the sintering
temperature is a compromise: a higher temperature
gives a higher density, and by the same token more
atomic moments per unit volume and hence a higher
remanence, but at the same time it results in larger
grains and consequently a lower coercivity. The great
importance of a high sintering reactivity is therefore in
the first place that it makes high densification possible
at temperatures where grain growth is still moderate.
The beneficial effect of the excess SrO ceases when the
remanence is too greatly reduced as a result of the
increasing concentration of the non-ferromagnetic
phase Sr7Fe10022 (see fig. 28). Initially, however, this
has little effect (see fig. 31), so that the main thing is to
choose n sufficiently small, e.g. less than 5.8.

The relation between sintered density and grain size
is clearly demonstrated by the straight line A in the
Bi-H, diagram in fig. 32. This represents a large
number of samples with a ‘good’ composition (n & 5.5;
the crosses X). Sintering temperature, density and
grain size increase from bottom right to top left.

In ceramic technology grain growth is also more
directly restrained by means of modifying agents and
grain-growth inhibitors. The principal grain-growth
inhibitor for Ferroxdure is SiOs. Its effect is demon-
strated in fig. 32 by curve B, which represents samples
with # a2 5.5 to which about 1% of SiOz was added.
In fact, the samples naturally fall into the groups A4
and B because, with increasing SiOgz content, the
transition 4 — B takes place fairly sharply. Fig. 33a-d
also shows a difference in microstructure between the
A and B samples.

At higher densities (higher temperatures) the grain-
growth inhibitor ceases to have any useful effect. The
curve B bends over towards A. This is caused by an
undesirable effect familiar in sintering technology and
called ‘discontinuous grain growth’, in which some of
the grains abruptly grow very large. This effect is the
greatest practical limitation to the quality that can be
achieved. The theoretical maximum for (BH)max (see
fig. 8) at room temperature is 45 kJ/m3 (5.7 MGsOe).
The (BH)max of commercial products (fig. 7) is about
28 kJ/m?3 (3.5 MGsOe). By optimizing all the steps in
the production process, laboratory values of about
40 kJ/m3 (5 MGsOe) have been achieved (251,

Anisotropic shrinkage

During the sintering of ferrites there is very consid-
erable densification; the sintered product is about 20 9,
smaller in linear dimensions than the pressed product.
Anisotropic Ferroxdure products not only change in
size but also in shape, because the shrinkage is also
strongly anisotropic. The shrinkage of Ba-Ferroxdure,

C. A. M. VAN DEN BROEK and A. L. STULITS
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Fig. 30. Density d of the sintered product as a function of the
sintering temperature Ts, for various values of the mole ratio #
between FexOgs and SrO. The greater the deviation from stoi-
chiometry, the lower the temperature at which the product is
densely sintered. For the stoichiometric composition, # is equal
to 6.
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Fig. 31. The ‘quality’ (BH)max of the sintered product as a func-
tion of the composition parameter n. For each composition the
sintering temperature was optimized with respect to (BH )max.
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Fig. 32. B:-H. combinations for a large number of samples.
+ Stoichiometry or excess Fe2Os (n = 6.0), X surplus SrO (n = 5.5),
both with little or no addition of SiO2 (in < 0.6, where m is the
mole ratio of the added SiOg to the excess SrO). O Excess SrO
(n ~ 5.5) and added SiOz (m > 0.6). ® n ~ 5.5 and m = 0.6.
The sintering temperature increases from lower righit to top left;
a, b, c and d represent the samples in fig. 33.
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tion of « at the Curie point (see fig. 35). The tempera-
ture gradient in the material during cooling introduces
stresses that are proportional to « and to the tempera-
ture difference AT between the ‘hot’ inner regions and
the ‘cold’ outer regions. At constant cooling rate there
are no marked variations in the temperature difference
but, as we saw above, the expansion coefficient does
vary. As a consequence the stresses increase by about
309 when the Curie point is passed. In practice this
means that the Curie point has to be passed very slowly.
In the factory a transitional tunnel at the outlet of the
sintering furnace is used, to spread the temperature
decrease of the product over a longer time.

sk
AY

If we look back over the 25 years of the existence of
Ferroxdure, we notice at once that hardly any non-
metallic materials have been used for permanent mag-
nets apart from those that were given the name
‘Ferroxdure’ in 1952. Barium and strontium ‘hexa-

Summary. The great success of Ferroxdure, the name given to a
group of ceramic magunetically hard ferrites introduced in 1952,
is mainly due to the low price per unit of magnetic energy. The
broad demagnetization curve leads to ‘short thick’ magnets. The
main constituent is (Ba, Sr)Fe;2019. The crystal has five magnetic
sublattices which partly compensate each other (ferrimagnetism).
The magnetic hardness is connected with the strongly anisotropic
crystal structure and also with the microstructure of small crystal-
lites or grains which, in the anisotropic varieties, are magnetically
oriented.

Further research led to new materials, notably to Ferroxplana..

Substitution of Al or Cr ions for Fe ions can increase the coer-
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ferrite’ were the important compounds right from the
beginning. They are still important Philips products,
processed into ceramic magnets under the name of
‘Ferroxdure’ or ‘Magnadure’. Now that the patent
rights have expired they are also produced elsewhere
and marketed under other names, as indeed they al-
ready had been under licence.

The development from discovery to commercial
magnetic materials took place at the beginning of the
1950s. The sixties saw a marked shift from the barium
to the strontium ferrite, connected with the large-scale
use of this material in small electric motors for the
automobile industry. In the last ten years Ferroxdure
has become steadily cheaper with the introduction of
larger manufacturing centres and the use of cheaper
raw materials. '

The market for Ferroxdure products is still growing
strongly. In addition to the rising demand for products
such as Ferroxdure stator magnets for small electric
motors in the automobile industry (about 50 W) there
is now a growing market for stator magnets for indus-
trial motors up to 10 kW.

civity. The sublattices can be studied separately by means of
Mossbauer spectroscopy. ‘Spin-orbit coupling’ appears to be
responsible for the anisotropy. Magnetic ‘bubbles’ were first
observed in BaFe;2019.

Developments and research relating to the technology of these
materials are discussed, with emphasis on the prefiring process
(introduction of cheaper raw materials), wet pressing in a mag-
netic field (complicated punch-tool constructions; the formation
and preservation of oriented chains of particles in the suspension)
and the sintering process (dense sintering without grain growth

. by non-stoichiometry and the addition of SiOgz; complica-

tions due to anisotropic shrinkage during sintering and cooling).
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the possible number of standing-wave patterns in such
a chamber is limited, and the chamber then has a
clearly discontinuous spectrum of resonant frequencies.

It has long been known that a better approximation
to the ideal behaviour of a reverberation chamber can
be obtained at these low frequencies by making the
walls oblique in such a way that the chamber is asym-
metric in all three dimensions. This has the effect of
producing irregular spatial patterns of standing waves.
Superposition of the few standing-wave patterns oc-
curring at low frequencies then leads to a more homo-
geneous acoustic field than in a ‘rectangular’ chamber.
This asymmetry also has the effect of producing the
desired uniform distribution of the resonant frequencies
over the frequency scale.

The standing-wave patterns and resonant frequen-
cies of a rectangular reverberation chamber can be cal-
culated analytically [*1. This is not possible if the cham-
ber is not rectangular. In the past this was often held to
be a major drawback of a non-rectangular chamber.
Nowadays, however, the behaviour of a non-rectan-
gular chamber can be calculated numerically by means
of the finite-element method (21,

In spite of the greater technical problems, we there-
fore decided to build a reverberation chamber of irreg-
ular shape. In calculating the sound-pressure distribu-
tion with the finite-element method the total volume of
the chamber is divided into a large number of tet-
rahedral elements, and the differential equation for the
acoustic field in the chamber is replaced by a set of
equations for the field at the nodes of the tetrahedial
network. The results of such a numerical calculation
will be more accurate the finer the meshes of the net-
work. To keep down the amount of calculation re-
quired, we only considered the frequency range below

[x=5m
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Fig. 1. Behaviour of the resonant frequency f; of a two-dimen-
sional rectangular chamber of total area 5X7 m2, when one of
the short walls is rotated through an angle 8. Each of the resonant
frequencies is characterized by a pair of numbers (nzn,) that
indicates the number of half-periods in the standing-wave pattern
in the x- and y-directions of the rectangular chamber.
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125 Hz; this is the range where the various resonant
frequencies are relatively far apart.

We calculated a number of standing-wave patterns
in this frequency range, for both two-dimensional and
three-dimensional chambers [3], :

The first thing that we noticed during these calcula-
tions was that if the angle of one of the walls was
changed slightly, the effect on the resonance spectrum
was completely unpredictable. Fig. I shows the cal-
culated behaviour of a number of resonant frequencies
in a two-dimensional chamber, with a surface area of
5X7m?, as one of the walls is rotated through an
angle. The result of changing the angles of two walls
cannot be found by superimposing the results of chang-
ing the angles of each of the two walls separately. Fig. 2
shows a number of calculated standing-wave patterns
for the two-dimensional rectangu'lar chamber and for
a non-rectangular chamber with the same area. At
higher frequencies in particular there is hardly any
agreement between the pattern in a rectangular cham-
ber and that in a non-rectangular chamber.

The computer time necessary for caleulating the
acoustic field in a single three-dimensional chamber is
considerable, and the geometry of a three-dimensional
non-rectangular chamber is determined by a large

- number of parameters. The method of calculation is

therefore not so suitable for calculating the optimum
values of all these parameters, and hence the optimum
shape of the chamber. It is however possible to cal-
culate the acoustic field in.a given chamber. From cal-
culations of this kind it can be seen quantitatively why
a non-rectangular chamber is superior to a rectangular
one, both in the homogeneity of the acoustic field and
in the regularity of the spectrum of resonant frequen-
cies in the low-frequency region.

We arrived in this way at a shape that promised
acceptable behaviour even at frequencies lower than
100 Hz, and which has characteristics that come within
the limits recommended in the ISO standards [4), This
means that our future measurements will be imme-
diately comparable with measurements made elsewhere
in other reverberation chambers constructed to these
standards. This basis for intercomparison is particularly

(11 P. M. Morse, Vibration and sound, McGraw-Hill, New York,

2nd edition 1948, chapter VIII.

J. W. Strutt, 3rd Baron Rayleigh, The theory of sound, Vol. II,

Macmillan, London, 2nd edition 1896, sections 267 and 299.

The principles of the finite-element method are described in

the article by J. H. R. M. Elst and D. K. Wielenga in this

volume of Philips tech. Rev., p. 56 (No. 2/3).

[3] J. M. van Nieuwland and C. Weber, to be published shortly.

[4) International Standard ISO 3741-1975: Acoustics — Deter-
mination of sound power levels of noise sources — Precision
methods for broad-band sources in reverberation rooms.
International Standard ISO 3742-1975: Acoustics — Deter-
mination of sound power levels of noise sources — Precision
methods for discrete-frequency and narrow-band sources in
reverberation rooms.
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Fig, 4. Distribution of the sound pressure Ly as a function of the
x-, y-, and z-coordinate in the final design of our reverberation
chamber. The solid lines give the distribution calculated for the
full-sized chamber at a frequency of 91.4 Hz, the points give the
measurements for the quarter-scale model at a frequency of
365.5 Hz. In the neighbourhood of the nodal lines the difference
between measurements and calculations may be relatively large.
At these positions small deviations in the location of the micro-
phone used for the measurements result in large errors, and the
dimensions of the microphone will also have an effect.
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the sound pressure was measured at a large number of
locations. As can be seen in fig. 4, the results of these
measurements are in good agreement with the calcula-
tions.

The chamber is built entirely of reinforced concrete.
Special precautions were taken to make the inside sur-
face as smooth as possible to give the maximum sound
reflection from the walls.

The unpredictable and sometimes drastic effect of a
small change in dimensions on the characteristics of the
chamber, as mentioned earlier, meant that the dimen-
sions specified in the design had to be adhered to very
accurately in the construction. A heavy wooden struc-
ture, supported by steel girders, was therefore made for
the internal shuttering (formwork) of the concrete
chamber, as shown in the title photograph. This wood-
en structure was later covered with a cladding of special
very hard smooth plywood boards. The exterior of the
boarded formwork exactly followed the dimensions of
the interior of the chamber.

To reduce external interference as much as possible
during the measurements the entire reverberation cham-
ber is enclosed inside a space with heavy brick walls.
These walls are lined inside with sound-absorbing
material to prevent resonances in'the gap between the
walls and the outside of the chamber. The weight of the
chamber will be 150 tonnes, and it will stand on 80
steel coil springs located around the outside edge of the
base. The natural frequency of the complete structure is
at about 3 to 4 Hz, so that external vibrations at a fre-
quency higher than about 10 Hz will have no noticeable
effect on the chamber. Very high frequencies may how-
ever be transmitted along the springs; to prevent this,
rubber pads are placed between the springs and the
foundation. The wall of the reverberation chamber has
openings, which can be tightly sealed, for ventilation
and for introducing cables. The chamber itself and the
surrounding structure are closed with heavy sound-
proofed doors.

J. M. van Nieuwland
A. Petterson
C. Weber

Dr Ir J. M. van Nieuwland, Ing. A. Petterson and Dr Ir C. Weber
are with Philips Research Laboratories, Eindhoven.
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An edge-enhancing double-focus camera for image processing

W. G. Baig

In processing pictorial information one of the activities of the human brain is the
‘strategic’ reduction of data. This is necessary to distinguish essentials from inessentials,
and image-processing machines must do something similar if they are to be of any real
help. The first step in extracting features from pictures is therefore data reduction. The
article below describes a camera in which the amount of data is reduced by means of a
double-thresholding technique. The new camera produces information that is remarkably
free from noise, and at the same time it gives good spatial resolution.

Image processing

In machines for processing pictorial information the
input device is often a camera that converts optical
information into electrical signals. The (spatial) resolu-
tion necessary for such a camera to be able to ac-
curately localize particular details is so high that much
of the output signal consists of information about the
point-to-point variations in reflection (the grey scale)
from the surface of the object. This information may
not be required at all by the image-processing machine,
however. In -optical character recognition (OCR), for
example, it is not necessary to distinguish between the
numerous shades of grey. It is then advantageous to
reduce the amount of information about the grey scale
before the recognition procedure is started.

One method for such a reduction of information is
to apply a threshold to the output signal from the
camera. In this way binary information is produced,
i.e. information consisting of black or white picture
elements only, depending on whether the output signal
exceeds the threshold level or not. The binary form is
of particular interest for further processing of the data.

Fig. 1 shows the block diagram of a complete system

for image processing. The arrangement includes a -

camera, which produces analogsignals, a ‘threshold’
unit, which converts the analog signals into binary
signals, and a ‘recognition’ unit, which processes the
binary signals. In an OCR application the output
signal might be the identity of a number that the cam-
era has observed, whereas in the assembly of mechan-
ical or electronic devices the signal might be the posi-

W. G. Baig, M.Sc. (Eng.), formerly with Philips Research Labor-
atories, Redhill, Surrey, England, is now with the University of
Petroleum and Minerals, Dhahran, Saudi Arabia.

tion of a small locating lug or mark on the object.

In this article a new method of image processing,
with a double-focus camera, will be discussed. A cam-
era of this type, shown schematically in fig. 2, operates
with a split beam to give simultaneous scanning with
two images; one image is sharp, the other is blurred.
The blurred image is used for the local determination
of a threshold level for the sharp image; this level
therefore varies. The essential difference between the
new method and others is that in addition to the local-
area threshold it simultaneously employs a fixed (or
single) threshold. The threshold unit therefore has a
double function. The new thresholding procedure
allows a high resolution to be maintained, although
short-distance variations in reflectance are ignored.
When camera and thresholds are properly adjusted the
image edges are enhanced whereas noise is suppressed.
(For simplicity the term ‘camera’ will from now on be -
used to indicate the combination of the blocks CA and
TBinfig. 1.)

The performance of the double-focus camera has
been investigated by using an OCR system that includ-
ed this camera to read documents in machine-print and
handprint characters. The camera was connected to a
minicomputer, via a machine that could sort and posi-
tion documents. However, it should be emphasized that
the argument put forward would be equally valid in all
applications where thresholding is employed.

The following section deals with the nature of both
kinds of threshold level, in particular the local-area
threshold. Details of the camera arrangement are then
given, and finally an account is given of the perform-
ance of the system with the new camera as applied to

the reading of machine-print and handprint text.
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output, which are corrected for differences in sen-
sitivity. The signals V1 and ¥V, are fed into two com-
parator circuits (fig. 6), together with the single-
threshold signal T.

The output signals from the comparators, together
with a timing signal, are fed via a NAND circuit to a
bistable circuit at the appropriate time during the clock
cycle. The final thresholded pictorial output informa-
tion is produced at the terminal J of the bistable cir-
cuit.

The single-threshold signal T is given by:

T=W+m(@B— W),

where W is the maximum whiteness level of the doc-
ument and B is the maximum blackness level ; the coef-
ficient m is set to some value between 0 and 1. The
signals W and B are derived from the ‘peak-white’ and
the ‘peak-black’ follower circuits (fig. 7). These fol-
lower circuits consist of a comparator whose output
controls the discharging or charging, as appropriate, of
a small capacitor by means of an MOS switch. The
capacitor is connected to a source follower, whose
output represents the actual peak value of the incom-
ing signal. The output of the source follower forms one
of the inputs to the comparator. The initial condi-
tions for the two capacitors are ‘absolute black’ for
the peak-white signal and ‘absolute white’ for the
peak-black signal, as determined by the auxiliary signal
DP (‘document present’). DP is ‘high’ when the doc-
ument is not present and ‘low’ when it is present.

Performance

To assess the qualities of the new camera in OCR,
two sets of characters were processed. The first set
contained examples of machine-print characters and
the second set examples of handprint characters in
pencil; both groups contained examples at different
levels of quality. The two sets have also been processed,
for reasons of comparison, by an OCR machine
(Philips X-1300) that uses a single-array camera with a
single threshold based on the peak-white level; the
recognition in this machine is by the well known
procedure of ‘mask-matching’ [11.

Reading machine-print characters

Fig. 8 shows the results for the machine-print ex-
amples. The single threshold in the camera was set to a
. level corresponding to 159 of the difference between
the peak-black and the peak-white levels, as detected
by the defocused array.

The results of fig. 8 indicate that an OCR machine
fitted with the new camera will adequately process a
set of good-quality characters followed by a set of poor-
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Fig. 6. Circuit of the comparators (DA in fig. 4). Comparisons are
made between the video output signals ¥y and Vs (fig. 5) and
between V3 and the single threshold T (fig. 4). LS line-scan signal,
‘I’ only during scanning. C actuating clock signal (fig. 4). The
NAND circuit N produces a ‘0’ at D only if ¥1 > Va during a
line scan and at the same time ¥z > T. The pictorial output sig-
nals Io (‘1” for black element, ‘0’ for white element) appear at the
0 terminal of a D-type bistable circuit. R condition-input ter-
minals for presetting and clearance.
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Fig. 7. Circuit of a peak-black follower. V2 video output signal
(fig. 5). B signal representing the maximum blackness level in the
dark areas of the document being scanned. Ci capacitor whose
charge determines B via the source follower SF. The MOS switch
M controls the charging (and discharging) of C1. The comparator
circuit CF is triggered by the clock signal C (fig. 4). DP signal
that sets the initial condition of C (e.g. ‘0’ if document present).
A similar circuit is used to determine the maximum whiteness
level in the light areas of the document.

quality characters of the low-contrast type or vice
versa, without any manual intervention. On the other
hand, after processing good-quality characters it is not
immediately possible to process automatically a set of
poor-quality characters of the ‘heavy’ type such asthose
obtained with a fresh carbon in a typewriter. In such a
case the single threshold has to be raised slightly for
acceptable results. Fig. 9 shows the results obtained
with the X-1300 machine, for the same set of machine-
print characters as used for fig. 8. A comparison of
figs. 8 and 9 shows that the camera with the double
threshold is better for processing poor-quality char-
acters of the low-contrast type, as clearly revealed by
the G,'M, N and Q. The X-1300 machine, on the other
hand, is better for processing poor-quality characters

1] 1. Uhr, Pattern recognition, learning and thought, Prentice-
Hall, Englewood Cliffs 1973, chapter 2. :
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illumination; we have found the overall performance
of the camera unaffected by variations of 50 % or more
in the illumination.

In conclusion, we should note that the output signals
of the camera with the threshold system discussed here

Summary. The construction and performance of a double-focus
camera for image processing are described. Local-area thresh-
olding and single-level thresholding have been combined to
retain high resolution and edge enhancement, while redundant
information is suppressed. The camera operates with a ’split-
beam geometry and two solid-state line scanners — one focused,
the other defocused — and produces a binary output. The per-
formance has been tested by reading machine-print characters.
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do not produce analog pictures, but binary sequences
of black and white picture elements. It is however pos-
sible to obtain an edge-enhanced analog picture. This
can be done by gating the signal of the focused array of
detector cells by the binary sequences.

Good-quality characters followed by poor-contrast characters
can be processed without manual readjustment of the threshold-
ing; poor-quality characters of ‘heavy’ type, such as typewritten
copy from a new carbon, cannot. The reading of handprint char-
acters is still liable to include rejections. The system is best suited
to processing low-contrast characters and marks; it is sensitive to
edges or white/grey boundaries. Changes in illumination by
+ 50 9% do not affect performance.
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mitting valves for high frequencies and high powers.

We shall first give a brief recapitulation of our
knowledge of the formation of carbon deposits on
substrates by pyrolysis of a carbon-containing gas,
and a description of the two fundamentally different
methods used in practice, the hot-wall and cold-
wall methods.

Deposition of carbon from gaseous hydrocarbons

Pyrolytic graphite is a form of graphitic carbon that
is deposited from certain gases at temperatures above
about 2000 °C. The original development of the meth-
od was very largely empirical, but at a later stage
thermodynamic calculations and kinetic studies pro-
vided a clearer understanding of the method. These
studies were mainly concerned with gas/solid-carbon
systems produced by heating hydrocarbons of low
molecular weight such as methane (CHj), ethane
(C2Hg), propane (CsHg), ethene (C2Hgs), propene
(C3sHs), etc. The calculations show that the ‘solubility’
of carbon in these gas systems has a minimum value
between 1000 and 2500 °C, depending on the pressure
(fig. I). The solubility of carbon is here taken to be
the ratio C/H of the number of carbon atoms present
in the gas phase (whether or not in bound form) to the
number of other atoms present (in this case always H
atoms). The occurrence of a reduction in the solubility
on increasing the temperature may be understood from
the fact that the molecules present in the initial state
(e.g. CHy) are more readily converted at temperatures
above 1000 °C into hydrogen and molecules that con-
tain proportionally more carbon atoms (e.g. CzHo,
CqH, etc.), while some of the carbon is deposited. At
temperatures above 3500 °C all the hydrocarbons dis-
sociate to form carbon and hydrogen; see fig. 2.

The different sign of the gradient of the carbon-
solubility curves on either side of the minimum
indicates that the carbon in the equilibrium systems
considered here can be deposited in two different ways
by a chemical transport reaction [21: either on a sub-
strate at a higher temperature than the temperature
corresponding to the local gasfsolid-carbon equilib-
rium, or by deposition on a substrate at a Jower tem-
perature.

In practice the methods used are not based on chem-
ical equilibria; but instead, purely and simply to obtain
the desired deposition rate, CVD methods are used in
which the gas system thioughout is in a state that dif-
fers considerably from the equilibrium.

. The CVD methods can be carried out in two ways,
with temperature gradients of opposite sign at the loca-
tion of the substrate. In both methods the substrate is
placed in the centre of a reaction vessel (fig. 3). The
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Fig. 1. The thermodynamically calculated ‘solubility’ C/H of
carbon in the gas phase as a function of the temperature T to
which methane gas (CHa,) is subjected at pressures of 10-¢, 102,
1 and 102 bars when it is in equilibrium with solid carbon. The
solubility is expressed here as the ratio of the numbers of carbon
and hydrogen atoms in the gas phase. There is a distinct minimum
in the solubility.
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Fig. 2. Composition of the system C-H as a function of tempera-
ture, as produced on heating hydrogen in equilibrium with solid
carbon at a total pressure of 1 bar. (Courtesy of R. Kuthe,
Interne Mitteilung des Instituts fiir Chemische Technologie der
Technischen Hochschule Braunschweig.)

essential difference is in the position of the source of
heat. In the one case the substrate itself is heated and
therefore becomes hotter than the wall of the reaction
vessel; in the other case the substrate is surrounded by
a heating element and the wall is hotter than the sub-
strate. This is why the names ‘cold-wall’ and ‘hot-wall’
are used in the descriptions of the two methods. The
contribution to the deposition resulting from the dif-
ference in solubility at differing temperatures is very





















Philips tech. Rev. 37, 197-206, 1977, No. 8

197

MOPS, a magneto-optic storage wafer of
the discrete-bit type

H. Heitmann, B. Hill, J.-P. Krumme and K. Witter

Work has been going on for some time at Philips GmbH Forschungslaboratorium Ham-
burg on the development of certain garnets, intended as a material for magneto-optic
memories of the discrete-bit type. The digital laser deflector now available — it was
described in No. 5 of our last volume — makes possible in principle the construction of a
fast optical backing store (about 108 bits), with completely non-mechanical addressing.
The work on thin garnet films discussed here forms a promising complement to the work
on lithium niobate, a material for a holographic memory, as discussed in a recent

issue.

Optical memories and ferrimagnetic garnets

The work on optical memories is based on two com-
pletely different kinds of system: holographic systems
and local or discrete-bit systems. A materials study
made in connection with a holographic system has
already been described in an earlier issue of this jour-
nal (11, In the present article we shall discuss a study of
certain ferrimagnetic garnets intended for use in the
form of thin wafers as storage elements in discrete-bit
memories [2],

The basic idea in the use of light in these memories is

the addressing of the individual storage cells in a
bistable magnetic film by means of a focused beam of
laser light; the addressing is then followed by the
thermomagnetic writing or reading of data. The read-
ing depends on a magneto-optic effect, Faraday rota-
tion. The writing is done by thermomagnetic flux
reversal; ‘thermomagnetic’ means that the desired
reversal of the directions of magnetization is achieved
by heating the material in the presence of an external
magnetic control field. In principle, the heating could
be provided by the focused laser light. However, so
that a laser of only moderate power could be used, we
applied a thin photoconducting layer to the storage
material. The thermal energy required for switching a
storage cell is generated in the photoconducting layer
as Joule heat, which penetrates to the cell by thermal
conduction. The laser beam for addressing thus merely
switches on the electrical heat source at the desired
address. Reading requires much less energy; the (polar-

Dipl.-Phys. H. Heitmann, Dr B. Hill and K. Witter are with Philips
GmbH Forschungslaboratorium Hamburg, Hamburg, West Ger-
many; Dr J.-P. Krumme, formerly with these laboratories, is now
with Philips Research Laboratories, Eindhoven.

ized) laser beam is itself sufficiently powerful to provide
signals of high magneto-optic contrast.

In addressing by means of a laser beam there is no
electrical contact to individual storage cells, nor is there
any requirement for complicated electrical circuits —
two significant advantages. The main motivations for
the development of a magneto-optic storage wafer,
however, are the very high packing densities and short
access time that should be obtainable. Laser beams in
the visible part of the optical spectrum can be focused
to a spot with a diameter of a few microns; with such
a ‘small spot size a packing density of more than
10 kbit/mm? can be achieved. A short and uniform
access time can also be achieved now that the PFH
digital laser deflector is available [31. This will deflect a
laser beam to any one of more than a quarter of a
milion (2% 29) positions within less than 0.5 ps. If
passive beam-splitters are added to the deflector [4] the
addressing capacity can be increased by a factor of
1000. The original single laser beam is multiplied by
the beam-splitters to form a collection of up to 1000
‘fingers’ that simultaneously record or retrieve a word

(11 H. Kurz, Lithium niobate as a material for holographic in-
formation storage, Philips tech. Rev. 37, 109-120, 1977
(No. 5/6).

21 B, Hill, U. J. Schmidt and H. J. Schmitt, Optical memories,
J. appl. Sci. Engng. A 1, 39-48, 1975. See also B. Hill, Op-
tische Speichersysteme, paper read at the Conference on
Digital Storage, Stuttgart 1977.

31 U. J. Schmidt, Electro-optic deflection of a laser beam,
Philips tech. Rev. 36, 117-132, 1976 (No. 5).

4 B, Hill, J.-P. Krumme, G. Much, R. Pepperl, J. Schmidt,
K. P. Schmidt, K. Witter and H. Heitmann, Polycube op-
tical memory: a 6.5 107 bit read-write and random access
optical store, Appl. Optics 14, 2607-2613, 1975. |
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magnetic ordering of this type associated with the
sublattice moments is called ferrimagnetism.

A characteristic feature of gadolinium iron garnets is
that the three sublattice moments have different tem-
perature dependence. Because of this there is a ‘com-
pensation point’, that is to say a temperature Teomp at
which the resultant of the magnetic moments of the
sublattices is zero. The material is still magnetically
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Fig. 3. The saturation magnetization Mg, in Bohr magnetons, as
a function of the temperature T in a gadolinium-iron-garnet film.
My is the sum of the magnetic moment ¢ arising from the Fe3+
ions at the octahedral sites, mie from the Fe3* ions at tetrahedral
lattice sites, and /4, from the Gd3+ ions at the dodecahedral lat-
tice sites. Teomp compensation point. T¢ Curie point. The easy axis
of magnetization is in the direction normal to the film owing to
the growth process; the compensation point is the temperature at
which M; passes through zero.
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Fig. 4. The field-strength Hgw necessary to switch a storage cell
of the film of fig. 3, as a function of the temperature T. The com-
pensation point Teomp is taken as the zero. To obtain maximum
selectivity in switching, the slope of this curve should be as large
as possible; a high slope is associated with a relatively small
anisotropy.
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ordered, i.e. the compensation point lies below the
Curie point. The compensation point is chosen as the
operating temperature for storage and retrieval, since
external magnetic fields cannot then easily destroy the
data content — because the net magnetization in the
material is then zero. At temperatures above the com-
pensation point, however, an external magnetic field
can switch an addressed cell from its existing direction
of magnetization to the desired one (writing of ‘0’ or
‘1°). The value of Teomp for the garnet films for MOPS
has been chosen such that it approximately coincides
with room temperature. ,

Fig. 3 shows how the net magnetization in a thin film
of gadolinium iron garnet, partly substituted as de-
scribed above, depends on the temperature. Above and
below the compensation point the polarity of the net
magnetization has opposite values, unless an external
magnetic field is applied.

Fig. 4 shows the magnetic field-strength that is
necessary to switch the direction of magnetization of a
storage cell, as a function of T— Teomp. The net
magnetization — and hence each of the magnetic
moments of the sublattices — can be rotated, provided
that the applied field is sufficiently strong to override
the coercivity of the material. When the temperature
increases, the coercivity will decrease sharply. For the
material of fig. 4 a field-strength of about 10 kA/m is
sufficient if the temperature rises to about 20 degrees
above Teomp- Switching only occurs in the cell that is
heated; the applied field is however too weak to switch
any other cells, as can be appreciated from the strongly
negative temperature gradient in fig. 4.

About 0.1 pJ is necessary per cell for the required
increase in temperature. When the material has cooled
to the compensation point again, the new direction
pattern will remain ‘frozen in’. The material can there-
fore store data permanently without the need for any
energy input. (A memory with this special feature is
called ‘non—volatilé’.) The Faraday rotation at the
compensation point is positive or negative depending
on the stored bit; as we said earlier, it is this effect that
makes reading possible.

151 J.-P. Krumme, B. Hill, J. Kriiger and K. Witter, A highly
sensitive reversible and nonvolatile hybrid photoconductive/
magneto-optic storage material, J. appl. Phys. 46, 2733-2736,
1975.

6} J.-P. Krumme, H. Heitmann, D. Mateika and K. Witter,
MOPS, a magneto-optic-photoconductor sandwich for
optical information storage, J. appl. Phys. 48, 366-368, 1977
(No. 1). .

71 W. Tolksdorf, Growth and properties of garnet films for
storage application, IEEE Trans. MAG-11, 1074-1078, 1975.

8] D. Mateika, J. Herrnring, R. Rath and Ch. Rusche, Growth
and investigation of {Gd3-zCaz}{Gas-y-:Zr;Gd:](Gas)O12
garnets, J. Crystal Growth 30, 311-316, 1975. ]

91 J, Smit and H. P. J. Wijn, Ferrites, Philips Technical Library
1959.

[10) B. Hill, I. Sander and G. Much, Magneto-optic memories,
Optica Acta 24, 495-504, 1977 (No. 4).
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The MOPS wafer as system component

The performance of a magneto-optic storage wafer
with regard to information processing and the as-
sociated limitations to its operation in a memory system
are best expressed by certain figures of merit {111, These
figures are characteristic of the reading efficiency, the
magneto-optic contrast and the (optical) recording
sensitivity. The recording sensitivity relates to writing,
the other two parameters to the reading of data. Before
discussing these figures of merit, let us first have a
closer look at the writing and reading operations.

The individual cell: writing and reading

The writing of data into a particular individual cell
is performed under the control of three variables
(fig. 5): laser light, which illuminates the cell (address-
ing); electric current in the photoconducting layer,
which provides the energy for heating up the cell ad-
dressed; field-strength of the applied magnetic field,

which switches the magnetizations of the sublattices

into one of the two stable directions.

Some of the heat developed in the cell that has been
addressed will eventually reach the neighbouring cells.
Precautions against cross-talk must be taken by ensur-
ing that the temperature increase does not exceed a
certain maximum when the magnetic field is still ap-
plied. The electric field at the photoconductor is there-
fore only switched on for a limited time to restrict the
thermal input to the cell addressed [111. The magnetic
field only has to be switched on during a short period
around the instant at which the temperature in the ad-
dressed cell is at a maximum.

The maximum pulse duration 7 can be estimated from the
relation for heat flow
Ax = (D7),
where D is the mean diffusion constant of the medium through
which the heat is being transported and Ax is half the distance
across an island (about 4 um). On applying the equation above
we find that T should not exceed a few ps.

After switching the cell cools to the ambient tempera-
ture again, and the stored data can then no longer be
affected by external magnetic fields, since the compen-
sation point of the material approximately coincides
with the ambient temperature.

The polarization-optics system for reading the infor-
mation contained in an individual cell is also shown in
fig. 5. The laser beam in the system first passes through
a linear polarizer before striking the storage film. Be-
hind the film there is an analyser and a photodetector.
(In practice the polarizer and the analyser take the
form of thin sheets of dichroic plastic attached to the
MOPS wafer.) The transmission direction of the anal-
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yser is oriented in such a way with respect to the trans-
mission direction of the polarizer that the light emerg-
ing from a cell whose content represents a ‘0’, say, is
strongly absorbed, whereas the light from a cell whose
content represents a ‘1’ is partly transmitted. The
photodetector transforms the corresponding difference
in transmitted light intensity into a difference in elec-
trical-signal level.

Reading and writing; some figures of merit

The reading efficiency % represents the difference in
the detected radiant fluxes @; and @ in reading a ‘I’
and a ‘0°, expressed as a percentage of the power De
delivered to the storage cell in question by the laser
beam, so that

D1— Py

1009%,.
De %

’)7 —

It will be clear that both radiant fluxes, and hence
their differences, depend on the setting of the polar-
ization optics — in practice on the angle between the
directions of transmission of the polarizer and the
analyser. When this angle is exactly equal to 90° both
signals are transmitted at equal strength; it is impos-
sible to distinguish between ‘I’ and ‘0’ (n = 0). At
slightly higher values % increases approximately linearly
with the angle ( fig. 6).

The magneto-optic contrast C, i.e. the ratio @1/D,,
also depends on the same angle. Fig. 6 shows that C
has a maximum value as a function of the angle. To
obtain a clear distinction between ‘0’ and ‘1’ it is im-
portant to make the contrast as high as possible. The
reason for this is twofold: the optical properties of the
material will vary to some extent from cell to cell, and
the output power of the laser will never be absolutely
constant. A setting with C equal to about 5 is an
acceptable choice. The associated reading efficiency for
the film of fig. 6 is about 0.5%,.

A third kind of noise that limits the operating
characteristics is shot noise from the photodetector
itself. (Other sources of noise, such as statistical fluctvua-
tions in the number of light quanta and noise in the
load resistor of the photodetector can be neglected [121.)

. To obtain some idea of the values involved, it can be

assumed that the noise from a reasonable photodetec-
tor corresponds to a power of about 10 nW. The weaker
reading signal, which corresponds to reading a ‘0’,
requires a signal-to-noise ratio of at least 1 for reliable
detection; this in turn implies that the time constant of
the photodetector should be at least 100 ps (the avail-

(111 J.-P. Krumme and H. J. Schmitt, Ferrimagnetic garnet films
for magnetooptic information storage, IEEE Trans. MAG-11,
1097-1102, 1975. ’

[12] R. P. Hunt, Magnetooptics, lasers, and memory systems,
IEEE Trans. MAG-5, 700-716, 1969. -
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able signal-to-noise ratio increases as the square root
of the time constant). The period of 100 s has therefore
also been used as the (minimum permissible) cycle time
for the POCOM memory system. The only other time
constants in the system with a value anywhere near
100 ws are the rise and decay times of the heating cur-
rent induced in the photoconducting layer of the actual
wafers during writing. Their values (about 50 ps) limit
the cycle time to about the same value.
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Fig. 6. The reading efficiency 7 and the magneto-optic contrast C
for a MOPS storage wafer, both calculated as a function of the
azimuth angle f§, the angle between the planes of maximum trans-
mission of the fixed polarizer p and the adjustable analyser a; the
components p and a belong to the polarization optics in fig. 5.
The Faraday rotation employed for reading data is equal to d@p,
the product of layer thickness d (5 um) and the specific Faraday
rotation (3000 degrees/cm). Curve C is valid for a typical MOPS
prototype wafer, at 2 = 632.8 nm. The maximum of C occurs at
about d®p. SP operating point.

The storage system of fig. 5 can be brought to one of
its sensitivity limits if the addressing unit is extended by
adding passive beam-splitters that produce a thousand-
fold spatial division of the laser beam by a multiplexing
operation. A system extended in this way could reach a
maximum reading rate of 10 Mbit/s, with a cycle time
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of 100 ps. The reading rate is then a word of 1000 bits
per cycle. A laser with a power of 20 mW could then
simultaneously transmit 2 uW to each of 1000 storage
cells (it is assumed that 909 of the laser power is dis-
sipated in the addressing unit). For reading the mag-
netic state of lower transmission 10 nW is then avail-
able (at = 0.59), which is equal to the equivalent
power level of the detector noise. The requirements for
an acceptable signal-to-noise ratio and a sufficiently
high magneto-optic contrast are then completely satis-
fied. (In anticipation of the next section we ought to
mention here that it is readily possible to make mat-
erial with a stronger Faraday rotation.)

The third figure of merit is the (optical) recording
sensitivity. This is the minimum amount of energy
necessary for switching one bit of information, or in
other words the minimum amount of energy required
for switching a storage cell. The energy that the laser
can produce is 2 X 10719 joule per bit — as in reading —
which is 500 times less than the amount required for the
increase in temperature. The photoconducting layer of
the addressed cell bridges this ‘energy gap’, as was
stated earlier; in this way the presence of the layer
increases the recording sensitivity by a factor of 500, if
the laser beam is taken as the power input in the usual
way.

Application in backing systems

In memories of a ‘multichannel type’ intended for
backing systems, simultaneous illumination by means
of passive beam-splitters can be extensively applied, as
we saw earlier. There are however certain limitations
here, which are connected with the existing technology
and also with the developments in backing systems in
general. We shall have more to say about this at the end
of this section.

All the MOPS wafers, which together form such an
optical backing system, are addressed by a multiplexed
laser beam. As we noted before, three parameters are
available for switching the separate cells, and the laser
light is already used for the addressing; the magnetic
field. or the electric field must therefore be used in such
backing systems for differentiation between the writing
of a ‘0’ or a ‘1’ in the addressed cells. Which of the two
fields is chosen depends very much on the technol-
ogy [191. The generation of the magnetic field (about
10 kA/m) requires ‘macroscopic’ coils, whereas the
voltage for the electric field can be applied with evap-
orated electrodes that satisfy integrated-circuit stan-
dards. Where a large number of wafers have to be
combined it is therefore preferable to distribute the
electric field rather than the magnetic field. The writing
of a word then requires a two-stage procedure: firstly,
all the ‘zeros’ are written, giving the common magnetic
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magnetic field was pulsed or varied sinusoidally. Fig. 1]
shows several switching cycles for the case of a sinus-
oidally varying field and also the output signals when
the recorded information is read. Switching for writing
can only occur when the magnetic field assumes an
extreme value. The contrast ratio between reading a
‘1’ and a ‘0’ is at least 2. This ratio is not entirely satis-
factory for the intended application in backing stores;
a reduction in the optical scattering at the edges and
increased Faraday rotation will considerably improve
this ratio.

Summary. A magneto-optic storage wafer of the discrete-bit type
is described. These wafers are potential building elements for
optical backing stores (about 108 bits) and for certain image-
processing equipment working at two levels (large-scale projec-
tion and erasable microstorage), all non-volatile. Prototype waf-
ers consist of a dense (5 kbit/mm?2) ‘open island’ structure with
1.5 % 105 single-bit storage cells, on a paramagnetic substrate, and
allow fast random access (cycle time about 100 ps) by a laser beam
(A = 632.8 nm, 2mW). The cells consist of a bistable ferri-
magnetic garnet film (Gd, Bi)s (Fe, Ga)s012, and a photo-
conducting top layer, of CdS(Cu) sandwiched between
In203(Sn02) electrodes, which increase the optical recording
efficiency by a factor of 500. The writing of data corresponds to
the alignment of the sublattice magnetizations in the addressed
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Table I. The operating conditions used in thermomagnetic switch-
ing single-bit cells of a MOPS wafer.

632.8 nm

6 pm diameter
2 uW intensity (per bit)

6 wJ/mm?2, pulsed

Wavelength
Focus

Laser (He-Ne)
Energy density
(writing and
reading)

Cycle time
External field

about 100 ps

10 kA/m pulsed (50 ps
duration) or sinusoidal

SV, pulsed (30 us duration)

Electric field

cell with a control field (about 10 kA/m) at about 20 °C above the
compensation point of the material. The addressing laser beam
triggers the required heating up (0.1 p.J/bit) locally in the photo-
conductor. The reading of data depends on Faraday rotation,
using a (linearly polarized) laser beam of the same power. The
transmission (i.e. the reading efficiency) of the wafers is about
0.5%. ‘Molecular engineering’ has been applied successfully in
adjusting the compensation point to room temperature, raising
the specific Faraday rotation to about 5000 degrees per ¢cm, and
obtaining a better match between the photoconductor sensitivity
curve and the wavelength of standard helium-neon lasers. A
trade-off between recording sensitivity and reading efficiency is
discussed. Some results of long-term tests and also of single write/
read cycles are given for prototype wafers.
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Speaker recognition by computer

E. Bunge

We all know from experience that people can be easily recognized by their voices.
This comes about not just from their individual habits of speech, but from the endless
variety of the acoustic parameters of the vocal tract throughout the population — it is
almost impossible to find two voices that are perfectly identical. The voice may therefore
Serve as a passport, provided there are technical means of distinguishing the individual
voices from one another with a sufficiently high degree of reliability. This is where the
technigues for speech analysis come in. These were developed years ago for resolution and
resynthesis of the speech signal to condense the information so that speech could be
transmitted in narrower frequency bands; now they have been turned to the more general
applications of man-machine communication by voice. As might have been expected,
computers have come to play a large part in this. Whereas the prospect of a free and
fluent conversation between man and machine still seems to be a long way off, the simpler
task of recognizing a person by his voice has been proved to be well within the capabil-
ities of a machine and high reliability has been obtained. Research projects on this subject
are going on in several places in the world, One'of these is a government-sponsored
project called AUROS at Philips Forschungslaboratorium Hamburg, in West Germany.
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Introduction

When listening to somebody who is talking, a human
listener perceives what is said, who is speaking and how
it is said. The human brain is capable of splitting up the
complex information contained in the speech signal to
answer simultaneously questions about the meaning of
what is said, the identity of the speaker and his
emotional state. Investigations have been going on for
some time to see whether the artificial intelligence avail-
able in computers can be employed to perform at least
part of this task.

Speech recognition by computers — i.e. computers
undefstanding what is said — still seems to be a very
difficult problem and to give valuable results only with
restricted vocabularies and restricted groups of speak-
ers. On the other hand, speaker recognition — the
identification of who is speaking — seems to have made
considerable progress and to be nearly ready for prac-
tical application.

The value of a device for speaker recognition is ob-
vious. It would be highly efficient if a simple voice

Dr E. Bunge, formerly with Philips GmbH Forschungslaboratorium
Hamburg, Hamburg, West Germany, is now with Bundeskriminal-
amt, Wiesbaden, West Germany.

utterance was sufficient in all those cases where a
person’s identity has to be established or verified. The
human voice is very specific to the individual speaker;
it cannot be lost or stolen, it cannot easily be imitated (11,
and it can be transported over long distances at low
cost. For all these reasons the human voice would
provide an ideal ‘acoustic passport’. This passport
could be used to supplement existing systems to in-
crease their security, or by itself, e.g. to allow author-
ized access to money from banks and to confidential
information from data banks and government au-
thorities. A second application is in crime investigation,
where recorded voices of blackmailers and kidnappers
have to be compared with the voices of suspects.
Systems for speaker recognition have one or more
speech-input terminals, connected to a central com-
puter. The connection may be made via the public
telephone system. The voice is analysed in the com-
puter and compared with stored voice-patterns.

(11 B. S. Atal, Automatic recognition of speakers from their
voices, Proc. IEEE 64, 460-475, 1976.
A. E. Rosenberg, Automatic speaker verification: a review,
Proc. IEEE 64, 475-487, 1976.
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Speaker identification has to be distinguished from
speaker verification. In speaker verification an un-
known speaker claims to be a certain person X, and by
comparing his voice data with that of speaker X the
system decides whether he really is speaker X or an
impostor. For speaker identification, an unknown voice
is compared with a stored voice-pattern library and the
‘system finds out if the voice is present in the library,
and if so, who it belongs to.

The greater part of this article is a description of an
experimental speaker-recognition equipment called
‘AUROS’ (AUtomatic Recognition Of Speakers),
which has been designed at Philips Forschungslabor-
atorium Hamburg, in West Germany, for a govern-
ment-sponsored research project at PFH. The system
has been set up to enable us to compare the merits of
different speaker-identification and verification proce-
dures. Attention is given to the error rates in exper-
iments with larger groups of subjects, and also to the
computer time required and the complexity of the
equipment, which is quite different for different proce-
dures. The experiments already made — which will be
reported in the last section — indicate that the error
rates are of the order of one per cent for procedures of
average complexity (2],

In speaker recognition by computer there are two
fundamental problems: first, all speech utterances are
unique and not exactly reproducible, and, secondly, the
amount of data to be processed in short time intervals
is extremely large. Let us look more closely at these two
problems and at the procedures that they compel us to
adopt.

The non-reproducibility of human speech

No-one can pronounce a sentence twice in an iden-
tical manner. Each repetition yields a different acoustic
representation. Fig. I shows three curves of sound
pressure as a function of time for three utterances of
the vowel ‘a’ pronounced by the same speaker. The
differences between the three curves are evident al-
though the speaker tried hard to produce identical
utterances.

The non-reproducibility also holds for any feature
extracted from the original time function. Fig. 2 shows
as examples the Fourier spectra and the ‘cepstrum’
functions of the three versions of the vowel ‘a’. This
function is obtained by computing the power spectrum
of the logarithm of the Fourier spectrum. The Fourier
spectrum has periodic ripples corresponding to the
harmonics of the speech signal; the frequency spacing
between these ripples is equal to the fundamental fre-
quency of the speech. The cepstrum, which is again a
time-domain function, will have a peak corresponding
to the periodicity of the Fourier spectrum, and in-
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Fig. 1. Sound pressure p as a function of time 7 for three utter-
ances of the vowel ‘a’ by the same speaker. The different curve
shapes demonstrate that human speech is not exactly reproduc-
ible; this constitutes a problem in speaker recognition by com-
puter.

dicating the fundamental pitch period of the speech [31.
It follows that the voice of a speaker cannot be
described by one single utterance, because other utter-
ances produce different data. Instead, it is necessary to
process a set of utterances statistically to determine the
characteristic features of a voice. This can be done
systematically by pattern-recognition techniques.
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Fig. 2. Fourier spectra (a) and cepstra (b) for the three utterances of vowel ‘a’ represented in
fig. 1. Spectrum and cepstrum functions also appear not to be reproduced exactly. P power
density. f frequency. C cepstrum function. T pitch period.

The large amount of data to be processed

The sampling theorem shows that with an upper
limiting frequency of 5 kHz, 1 second of human speech
can be represented by a string of 10 000 samples. With
a dynamic range of 48 dB, each sample can be coded as
an 8-bit computer word. Under these circumstances
-— which correspond to those. in our experiment —

[2} E. Bunge, Automatic speaker recognition system AUROS for

31

security systems and forensic voice identification, Proc. 1977
Int. Conf. on Crime Countermeasures — Science and en-
gineering, Oxford 1977, pp. 1-7. -

E. Bunge, Vergleichende systematische Untersuchung zur
automatischen Identifikation und Verifikation kooperativer
Sprecher, dissertation, Darmstadt 1977.

A. M. Noll, Short-time spectrum and ‘cepstrum’ techniques
for vocal-pitch detection, J. Acoust. Soc. Amer. 36, 296-302,

" 1964.
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the amount of information contained in 1 second of
human speech is equal to 80 kilobits. Since many
seconds of speech by many different speakers have to
be stored and processed, problems of amount of
storage and computer time are inevitable. Fortunately,
the speech signal has high redundancy; the same char-
acteristic features are encountered over and over
again. These features can be extracted by specially
developed processors, which is preferably done in real
time. Instead of the speech signal it is only necessary to
store these voice-specific features in the computer, to
form the reference with which newly arrived speech
utterances are compared in a manner similar to the
procedures used in optical-pattern recognition by
computers. The term ‘pattern recognition’ will there-
fore be used here.

General description of the AUROS equipment

A meaningful approach to the speaker-recognition
problem is to combine real-time speech-analysis tech-
niques with statistical pattern-recognition methods.
But there is no a priori knowledge that indicates which
combination of analysis and pattern-recognition
methods will give the highest recognition rates for large
populations. The AUROS equipment allows the merits
of different combinations to be assessed. It consists of
a general-purpose computer for pattern recognition
and a set of the signal-analysis processors referred to
above. These have been specially designed by us for
this application; the voice features resulting from the
signal analysis are stored in the computer memory. A
dedicated computer for simulation is also available.

Most of the processors perform an analysis in real
time on consecutive time segments of the speech signal.
Each segment is described by a set of numbers re-
presenting quantities such as the output voltages of a
filter bank used to measure the frequency spectrum.
These numbers are considered as the components of a
multidimensional vector. The probability-density dis-
tribution over the vector space, or a mean vector, is
calculated from the consecutive vectors.

A second set of analysis procedures is based on
linear transformations such as the fast Fourier trans-
form, the Walsh-Hadamard transform and inverse
filtering. They are used off-line to obtain pitch contours
and cepstrum functions, and the frequencies and band-
widths of the higher-order speech resonances (the
formants).

An explanation of the three linear transformations
mentioned here is perhaps appropriate. The fast Fourier
transform is simply a computer algorithm enabling us
to carry out the complicated computations — implying
several multiplications — of the Fourier coefficients in
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a reasonable time.  The repeated computation of
Fourier spectra required in some applications has only
become feasible thanks to this algorithm [41.

. Like the Fourier transform, the Walsh-Hadamard
transform is used to compute a frequency spectrum. In
place of the sine and cosine functions, however, it uses
square-wave functions for the set of orthogonal fun-
tions required for the signal decomposition [51. The
square-wave functions only have the values 41 and
—1; their use simplifies digital implementation.

Inverse filtering, finally, is based on the observation
that the frequency spectrum of the human voice, char-
acterized by the frequencies and bandwidth of the
formants, derives mainly from the acoustic resonances
of the vocal tract; the excitation by the glottis — which
sets up a pulse train — has in itself a rather flat fre-
quency spectrum. If we succeed in filtering the speech
signals in such a way that a flat spectrum is again ob-
tained, then the filter has a transfer function that is the
inverse of the acoustic transfer function of the speak-
er’s vocal tract. The parameters of the inverse filter are
therefore characteristic of the speaker [6],

In the AUROS system the analysis data, obtained
either in real time or by the more time-consuming linear
transformations mentioned above, is fed to the gen-
eral-purpose computer for statistical evaluation and
‘classification’, i.e. assignment to a known speaker.
A large set of pattern-recognition methods is available.

A supervisory program allows a special analysis
procedure and a pattern recognition method to be
selected and combined for special experiments. The
input to the system takes the form of voice signals,
which can either be received from microphones in an
on-line experiment or recorded on magnetic tape for
off-line experiments with large data bases. The output
of the system takes the form of statistical data de-
scribing voices, recognition rates, error rates and
rejection rates.

The procedure followed in speaker recognition can
generally be described by three phases:

— preprocessing the speech signal,

— ‘training’ the system, and

— testing its reliability.

Each of these three phases will now be dealt with in
more detail. This provides a natural opportunity to
present an outline of several speech-analysis proce-
dures and classification algorithms.

4] J. W. Cooley and J. W. Tukey, An algorithm for the machine
calculation of complex Fourier series, Math. of Comp. 19,
297-301,1965. :

51 A good introduction is given by W. K. Pratt, J. Kane and
H. C. Andrews, Hadamard transform image coding, Proc.
IEEE 57, 58-68, 1969.

[61 3, D. Markel, Digital inverse filtering — a new tool for
formant trajectory estimation, IEEE Trans. AU-20, 129-137,
1972.
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Preprocessing phase

As was stated earlier, the acoustic speech signal
contains information concerning what, who and how,
and the most suitable approach is therefore not to use
the redundant speech signal for the recognition proce-
dure, but to describe it by a set of features that are
typical of the speaker’s identity. This is what has to be
done in the preprocessing phase. In speaker recognition
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Short-time analysis of a preselected segment

The idea behind the procedure of analysis of a single
preselected segment is that the speaker-specific in-
formation is already contained in a segment of a few
tens of milliseconds of speech. So, using a segmentation
algorithm, a special segment of this length, e.g. a few
pitch periods of a nasal sound, is selected from the
acoustical signal. The same segment is selected from
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Fig. 3. Four analyses of a 20-ms segment of vowel ‘a’. Even in such a short segment the speech
data is characteristic of the individual speaker and can provide sufficient data for voice patterns
to be recognized by a computer. a) Fourier power spectrum. ) Power spectrum derived by the
Walsh-Hadamard transform. ¢) Cepstrum function. d) Autocorrelation function. r correlation

coefficient. T time shift.

there are three general ways of feature extraction. One
way is to rely on the analysis of one short preselected
time segment of the speech utterance. Another method
is to measure contours such as those of pitch or energy
content, during a specific utterance. The third way is
to compute the mean (or the probability-density distri-
bution) of the feature vectors characterizing successive
time segments. Each of the three methods was studied
by means of the AUROS system.

the same ‘code word’ for all the speakers. Operations
such as a Fourier transform, a Walsh-Hadamard trans-
form or a cepstrum transform are performed on this
segment. The coefficients of these transforms are the
components of feature vectors used in the pattern-
recognition procedure. Fig. 3 shows four examples of
an analysis of a 20-ms segment of vowel ‘a’.

The problem in short-term feature extraction is the
accuracy of the preceding segmentation algorithm. If
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the defined segment in the acoustic signal is not located
exactly, the following steps are not meaningful since
representations of physically different events are being
compared.

Contour analysis

Contour analysis describes the temporal structure
of an utterance. The acoustic signal is segmented
equidistantly. For each segment only a single feature,
e.g. the pitch period or the energy, is evaluated. The
sequence of these segment features forms the resulting
contour curve. Fig. 4 shows as an example the pitch
contour of the sentence ‘My name is Nemo’ which was
obtained by applying cepstrum analysis and peak detec-
tion to the segments (about 100) of this speech utter-
ance.

The results can be combined to form a feature vector
of a dimensionality equal to the number of segments.
The consequence of this is that if a given sentence is
spoken slowly the dimensionality will be high (because
many segments are produced), and if it is pronounced
rapidly a low dimensionality will result. However, since
the pattern-recognition algorithms assume equal
dimensionality for each speaker, complicated time-
normalization methods have to be applied to the con-
tour vectors to stretch them for fast speakers and to
compress them for slow speakers. These time-normal-
ization or time-warping methods are complicated and
require a great deal of computer time [7).

The use of contour analysis for feature extraction in
speaker recognition entails a restriction to code-word-
related recognition, as with the previous method. Text-
independent recognition is not possible because the
time-normalization methods are adapted to a given
code word.

my na...me is nemo...

{ 1 ‘Al 1
] 1 2 3s

Fig. 4. Contour analysis describes the temporal structure of an
utterance. Here the value of the pitch period T has been evaluated
for each 20-ms segment, and the sequence of pitch values is
combined to the pitch contour curve of the sentence ‘My name
is Nemo’. These contour curves differ from speaker to speaker
and can function as specific features in a recognition procedure.
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Statistical speech-signal analysis

The speech signal is divided into a sequence of 20-ms
segments by equidistant segmentation. A set of coef-
ficients is evaluated for each segment by one of the
available methods of analysis; these include its linear
transformations mentioned earlier and also the deter-
mination of the autocorrelation function. As men-
tioned earlier, a feature vector is combined from the
sequence of these sets of coefficients, either by evaluat-
ing the mean-value vector or by approximating prob-
ability densities of event groups.

This kind of statistical feature extraction will give
speaker recognition without the condition that all the
speakers speak the same prescribed text; however, we
found that the processed speech signal should last at
least 10 seconds. There are no segmentation or time-
normalization problems. These advantages turn out to
be of considerable importance, which is why, in the
course of our investigations, we have come to prefer
this.statistical method in our research project. As an
example of this technique, fig. 5 shows the averaged
long-term Fourier spectrum, the long-term Walsh-
Hadamard transform, the long-term cepstrum, and the
long-term autocorrelation function. All of these have
been evaluated from the same text.

Training phase

To characterize the voice of a speaker it is necessary
to combine the analysis results of a few utterances (at
least ten) to a typical voice reference. Because of the
poor reproducibility of human speech a single utterance
does not contain a sufficient amount of information.
It is in the training phase that a reference ‘pattern’ for
each voice is stored in the system.

Each feature vector generated by preprocessing the
speech signal can be mapped as a pattern point in an
N-dimensional feature space, where N is a quantity
such as the number of Fourier coefficients. Each utter-
ance of a speaker produces a new point in this space.
The entirety of all the pattern points of the training
phase forms a ‘cloud’ in the N-dimensional space.

Different methods can be followed to find out
whether a pattern point produced by an utterance from
an unknown speaker must be assumed to belong to a
given speaker or not. It depends on the method which
further operations the voice data will have to undergo
while training the system. One method is to evaluate
the distance from the point to the centre of gravity of
the cloud of pattern points belonging to the known
speaker. Another method establishes whether the new
point lies inside the (hyper)sphere enveloping the cloud.
A third method divides the N-dimensional space into .
subspaces and determines the probability for each



Philips tech. Rev. 37, No. 8

subspace that a point in it will belong to any of the
given speakers. The operations performed during the
training phase on the points in the N-dimensional
space in the first case consist in the evaluation of the
centre of gravity of the cloud of points, in the second
case in the construction of the (hyper)sphere, in the
last case in the determination of the probabilities for
the individual subspaces.
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Minimum-distance classificator

The centre of gravity of the cloud of pattern points
is evaluated independently for each speaker and stored
as reference vector. An unknown pattern point is
classified by evaluating the distances from this point to
the centres of gravity of each cloud. This point is then
associated with the cloud whose centre of gravity is the
nearest.
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Fig. 5. Long-term averages over an utterance about 10 s long of Fourier spectrum (q), Walsh-
Hadamard spectrum (b), cepstrum function (c¢), and autocorrelation function (d). The
statistical feature-extraction method avoids the problems of segmentation and time normaliza-
tion and permits text-independent speaker recognition.

We have used the three methods outlined here in
speaker-recognition experiments. There were many
modifications for measurements of distance, data
normalization and probability-density approximation.
These methods will now be described in some more
detail. The assignment of a point to a given speaker is
called “classification’, which is related to the term ‘class’
used for the array of pattern points of a speaker; the
algorithm performing the assignment is called a
‘classificator’.

The distance measure used for defining the proximity
of points may be the usual Euclidean distance. The
distance measure may also be based on the correlation
between the two corresponding feature vectors. The
correlation is at a maximum when the two vectors
coincide; the distance may be defined as the amount
by which the correlation falls short of this maximum.

71 G. R. Doddington, A computer method of speaker verifica-
tion, dissertation, Madison 1970.
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Fig. 7. Example of a speaker-verification experiment with real

data. a) Speaker X speaks a sentence fifteen times. The long-term’

spectrum is evaluated each time. n number of frequency channel.
b) From the fifteen long-term spectra a speaker-specific template
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Test results obtained with the AUROS system

A number of classification procedures have been
tested using the AUROS system, each of them employ-
ing several kinds of voice features, some of which have
been mentioned above. In experimenting with different
kinds of voice features the advantages of long-term
spectra — the absence of segmentation and time
normalization — turned out to be very important, as
was the possibility of text-independent voice-feature
extraction. We therefore found it preferable to use the
long-term spectra for our most important tests; the
results of these tests will now be reported.

In the AUROS system the long-term spectra are
derived in real time, and this is very important for any
practical application. Spectral analysis is performed by
a 43-channel filter bank covering the frequency band
from 100 Hz to 6 kHz; each filter has a bandwidth of
nearly 10 per cent of the centre frequency. Equidistant
segmentation is carried out by scanning the filter out-
puts every 20 ms. The short-term spectra are averaged
by a special digital multiplex integrator, which also
performs a rough energy normalization. For a com-
parative study 5000 utterances of 82 male and 18 female
subjects have been processed. Fig. 8 shows long-term
spectra of a 12-s utterance of two men (a) and two
women (b). The absence of energy in the first three
channels for the women indicates the higher pitch of
their voices. )

It turns out that for a given data base the variations
in the recognition rate with the chosen pattern-
recognition algorithm are considerable. Each al-
gorithm only operates in the optimum fashion when a
set of a priori assumptions is satisfied, e.g. concerning
the kind of distribution of the features or the correla-
tion and covariance of the data of each individual
speaker (which may be expressed by a correlation and
a covariance matrix). For that reason, investigation of
the statistics of the data base is necessary to adapt the
pattern-recognition algorithm to the data structure.

From the correlation matrix of the 43 frequency
parameters averaged over 2500 long-term spectra (see
fig. 9) it can be seen that the 43 parameters of the
feature vector are not statistically independent but
correlated. The average correlation coefficient is 0.4.
This correlation has to be taken into account when
designingan appropriate pattern-recognition algorithm.

For optimum performance of most of the pattern
recognition algorithms it is assumed that the com-
ponents of the feature vectors are not cross-correlated.
It can be shown from vector analysis that this, if it is

is constructed by connecting all the minimum and maximum
values. ¢) A new long-term spectrum from speaker X fits the
template, and he is accepted. d) Long-term spectra from speakers
Y and Z do not fit the template. These speakers are rejected.
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indeed possible, is only the case in one particular posi-
tion of the system of basic vectors of the vector space.
The basic vectors are brought into this position by
rotations in accordance with data provided by the
covariance matrix mentioned above. In this way decor-
related, ‘whitened’ feature vectors are obtained. Apply-
ing the minimum-distance classificator with Euclidean
distance to the whitened data corresponds to ‘Ma-
halanobis classification’ [81; in our tests this yielded
error-free identification for all the speakers tested.
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minimum-risk classificator (with histogram approx-
imation) were considerably faster and required far less
storage capacity, while the recognition rates did not
drop below 98.5%.

Speaker identification

For the recognition experiments the 5000 processed

. utterances have been divided into two data bases of

2500 utterances each. This allowed code-word-related
recognition and text-independent recognition to be in-

[}

o

Fig. 8. Long-term-averaged frequency spectra of two male voices (@) and two female voices (b).
The spectra, which cover frequencies between 100 Hz and 6000 Hz, are obtained by scanning
a 43-channel filter bank 50 times a second and adding the output voltages for every separate
filter in a multiplex digital integrator. Because of their higher pitch the female voices do not

give energy in the lowest three frequency channels.

I3

Whenever recognition rates are being compared, it
is necessary to consider all the assumptions and bound-
ary conditions. In speaker-identification tests the
Mahalanobis classificator achieved recognition rates
of 1009, for 2500 utterances of 50 speakers; the ut-
terances were the same apart from the name of the
speaker given in each utterance. However, the Ma-
halanobis classificator is a rather ‘expensive’ algorithm
in storage capacity and computer time. ‘Economical’
classificators like the minimum-distance classificator or

vestigated separately. The speaker-identification tests
were performed with ‘economical’ pattern recognition
algorithms. All the speakers tested were known to the
system and the system was made to classify any ut-
terance presented; rejection as ‘unclassifiable’ was not
allowed. Recognition rates of 99.5 % were achieved for
both data bases, code-word related as well as text-
independent. For training the classificators 10 to 20
utterances seem to be necessary to obtain this high
recognition accuracy.
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Speaker verification

While in speaker identification only one rate — that
for correct classification — has to be considered, a
speaker-verification experiment is characterized by two
error rates; the rate for false acceptation (mix-up) and
the rate for false rejection. There is a functional relation
between these two error rates, given by the decision
threshold. During the training phase of speaker veri-
fication, in addition to the reference pattern, this
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speakers will be falsely rejected because of the vari-
ability of their utterances. On the other hand, if the
threshold value is too high, speakers with similar voices
will be falsely accepted and thus be mixed up with the
real speakers. So the value of the threshold is a trade-
off between security of the system (low false-accept
rate) and customer convenience (low false-reject rate).
The interdependence of these three variables is shown
in fig. 10 for a minimum-distance classificator.
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Fig. 9. Cross-correlation between the frequency channel outputs of the filter bank is expressed
by vertical deviation in the figure; n is the channel number. The figure is the average for 2500
long-term spectra. The highest correlation is between adjacent channels.

threshold is evaluated. If a pattern with a claimed class
membership has to be verified, it is compared with the
reference of that class using the classificator-typical
similarity measure. If the similarity exceeds a given
threshold the claimed class membership is confirmed
and the speaker is accepted ; otherwise the speaker will
be rejected.

The relation between the threshold value and the
error rates for false acceptance and false rejection is
easily seen: if the threshold value is too low, many

Various methods for decision-threshold evaluation
by the computer have been compared. The most effec-
tive method is to evaluate the mean of the distance
measure determined by the absence of correlation (see
above, p. 213). First, the mean is taken within each class,
for the distance between each pair of points, and then
the results are averaged over all the classes.

[81 K. Fukunaga, Introduction to statistical pattern recognition,
Academic Press, New York 1972.
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Fig. 10. The dependence of false-accept rate (curve FA4) and false-
reject rate (curve FR) on threshold level T in a speaker-verifica-
tion system. A higher threshold value Th means that a greater
distance is permitted between the pattern point of the speaker
claiming to be speaker X and the centre of gravity of speaker X’s
cloud of pattern points.

The distance measure referred to here is de, expressed by eq.
(2). The threshold value obtained by averaging d. is
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where S is the number of speaker classes and M the number of
utterances per class. R is a scaling factor allowing the threshold
value to be shifted along the horizontal axis in fig. 10 to obtain
the desired false accept/false reject ratio. Generally R = 1; in
particular cases, however, R is adjusted by hand to another value.
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Fig. 11. During the training phase with a growing number # of
samples offered to the speaker-verification system the 51m11ar|ty-
threshold level Th gradually approaches a steady value that is
high enough to make false rejections extremely unlikely. Some
20 samples appear to be required to reach a steady level.
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It is important to know how many speech samples
have to be used for training to establish a suitable
threshold value. Fig. 11 shows the threshold value as a
function of the sample size of the training phase. The
threshold was initially evaiuated using two samples and
the third sample of the same class was verified. Then
this third sample was included for training, a new
threshold was evaluated and the fourth sample was
verified, and so on up to 49 samples for training. The
threshold value is drawn as a stepped curve, while the
actual distance for verification is plotted as a bar. As
long as the bar is below the threshold, the sample is
correctly accepted, otherwise it is falsely rejected as in
the case of the third bar. By adding this sample to the
training phase the threshold, which was obviously too
small, is increased, and the following samples are
classified correctly. After another correction by the
ninth bar, the threshold adapts almost asymptotically
to a value at which no false rejects occur. For this
picture the false accepance rate was 0 ;.

In general, the verification experiments showed that
10 to 20 samples for the training phase seem to be
necessary to obtain reliable results.

Applying the verification system to the two voice-
data bases of 2500 samples yielded error rates of about
1% for false accept and false reject in both cases, code-
word related as well as text-independent.

The effects of transmission by telephone line

For commercial application of a speaker-recognition system it
is important to know how telephone transmission of the speech
signal affects the security.

Transmitting speech over a telephone channel means freqgency-
band limitation from 300 Hz to 3500 Hz. The transfer char-
acteristic in this frequency range is not flat but changes its shape
depending on the line selected by dialling. The spectra available
from telephone lines are therefore band-limited and also multi-
plied by a transfer function of unknown shape. As a first step it
could be shown that band-limiting the long-term spectra to tele-
phone quality did not affect the recognition rate significantly.
However, weighting the spectra by arbitrary transfer functions
made recognition based on long-term-averaged spectra unreliable
because in some cases the effect of the transfer function on the
spectra outweighed the voice characteristics. To overcome this
difficulty a novel feature set has been introduced to eliminate the
effect of the unknown transfer functions. These features, which
we call the modified standard-deviation profiles (MSP), are a
function of the voice characteristics only and are not affected by
the channel transfer function.

The j-th component Sps of this novel feature vector is ex-
pressed by

1 1 4
Z QyxXgg— — z azxiy
i=1 1=1 .
Svj = . @
1 d
7‘ Z azxsy
i=1
In the numerator a modified standard deviation of the j-th
spectral component of the i-th short-term spectrum is evaluated,
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SPEAKER RECOGNITION
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Fig. 12, The effect of a hypothetical, erratic telephone-line trans-
fer function (c or f) on a long-term spectrum (a) is shown by (d)
and (g) respectively, the effect on the modified standard-deviation
profile (b) is shown to be non-existent (e, 4). First recognition
experiments using the modified standard-deviation profile as a
feature vector yield promising results.
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where I is the number of spectra taken. A large value of the
numerator points to a high short-term variability of the speech
signal. The numerator still contains the frequency-weighting
factor ay of the unknown transfer function. The average in the
denominator, on the other hand, describes the long-term prop-
erties of the voice on which the unknown line characteristic is
superimposed. Since the unknown weighting factor a; occurs in
both numerator and denominator it vanishes and in this way the
effect of the unknown transfer function is eliminated. Fig. 12
shows a long-term spectrum (@) and an MSP vector (). Simulating
a telephone line by a characteristic like that in fig. 12¢ or fchanges
the long-term spectrum to the curve in fig. 124 or g respectively,
while the MSP vector remains unchanged (e, /). First recognition
experiments with these MSP vectors and related functions yield
promising results.

The work described was sponsored by the German
Federal Ministry for Research and Technology under
contract No. 0812014 Kap. No. 3004 Titel 68301. Re-
sponsibility for the contents of this publication rests
with the author.

Summary. AUROS, an experimental system for speaker recogni-
tion by computer, has been developed at Philips Forschungs-
laboratorium Hamburg, in West Germany, in a government-
sponsored research project. The system comprises several speech-
signal processors which extract different characteristic features
from the signal in real time, and can also use procedures such as
the fast Fourier transform, the Walsh-Hadamard transform, and
computation of the autocorrelation and cepstrum functions. A
general-purpose computer is programmed to compare the fea-
tures with the stored data from a group of known speakers;
5000 utterances from 100 speakers are stored in a data base.
Several different measures of similarity are being tried. Some of
these are more economical than others in computer time and
storage capacity, but yield slightly higher error rates. In speaker-
identification experiments using economical classificators rec-
ognition rates of 99.59% have been obtained. Experiments where
a speaker’s claimed identity is verified yield error rates of about
1% for false acceptance and false rejection.




220

Philips tech. Rev, 37, No. 8

Recent scientific publications

These publications are contributed by staff of laboratories and plants which form part of
or cooperate with enterprises of the Philips group of companies, particularly by staff of

the following research laboratories:

Philips Research Laboratories, Eindhoven, The Netherlands
Philips Research Laboratories, Redhill, Surrey, England
Laboratoires d’Electronique et de Physique Appliquée, 3 avenue Descartes,

94450 Limeil-Brévannes, France

Philips GmbH Forschungslaboratorium Aachen, Weihausstrafle, 51 Aachen,

Germany

Philips GmbH Forschungslaboratorium Hamburg, Vogt-Kolln-StraBe 30,

2000 Hamburg 54, Germany

MBLE Laboratoire de Recherches, 2 avenue Van Becelaere, 1170 Brussels

(Boitsfort), Belgium

Philips Laboratories, 345 Scarborough Road, Briarcliff Manor, N.Y. 10510,
U.S.A. (by contract with the North American Philips Corp.)

> o oh N Ry

Reprints of most of these publications will be available in the near future. Requests for
reprints should be addressed to the respective laboratories (see the code letter) or to Philips
Research Laboratories, Eindhoven, The Netherlands.

W. J. Bartels, L. Blok & C. W. Th. Bulle: X-ray
topography and diode efficiency of vapour grown
GaAs1 Pz layers.

J. Crystal Growth 34, 181-188, 1976 (No. 2). E

V. Belevitch: Theory of the proximity effect in mul-
tiwire cables, Part II.
Philips Res. Repts. 32, 96-117, 1977 (No. 2). B

C. Belin: On the growth of large single crystals of cal-
cite by travelling solvent zone melting.
J. Crystal Growth 34, 341-344, 1976 (No. 2). L

C. H. J. van den Brekel (I, 1I) & J. Bloem (II): Char-

acterization of chemical vapour-deposition processes,

Parts I and II.

Philips Res. Repts. 32, 118-133, 134-146, 1977 (No. 2).
E

A. M. van Diepen: The B-site Mossbauer linewidth in
Fe3O4.
Physics Letters 57A, 354-356, 1976 (No. 4). E

C.T. Foxon, B. A. Joyce & S. Holloway (University of
Leicester) : Instrument response function of a quadru-
pole mass spectrometer used in time-of-flight meas-
urements.

Int. J. Mass Spectrom. Ion Phys. 21, 241-255, 1976
(No. 3/4). M

M. Gleria & R. Memming: Novel luminescence genera-
tion by electron transfer from semiconductor elec-
trodes to ruthenium-bipyridil complexes.

Z. phys. Chemie neue Folge 101, 171-179, 1976
(No. 1-6). - H
H. Hieber: Aging properties of gold lé.yers with dif-
ferent adhesion layers.

Thm Solid Films 37, 335-343, 1976 (No. 3). H

A. Humbert, L. Hollan & D. Bois (I.N.S.A. Lyon, Vil-
leurbanne): Influence of the growth conditions on the

incorporation of deep levels in VPE GaAs.
J. appl. Phys. 47, 4137-4144, 1976 (No. 9). L

A. J. R. de Kock: Characterization and elimination of
defects in silicon.
Festkorperprobleme 16, 179-193, 1976. E

W. Lems, H. Kinkartz & W. Lechner: Incandescent
lamp filaments: facet-cooling, failure mechanisms.
Philips Res. Repts. 32, 82-95, 1977 (No. 2). A

A. Milch: Etch polishing of GaP single crystals by
aqueous solutions of chlorine and iodine.
J. Electrochem. Soc. 123, 1256-1258, 1976 (No. 8). N

C. Mulder & H. E. J. Wulms: High speed integrated
injection logic (I2L).
IEEE J. SC-11, 379-385, 1976 (No. 3). E

J. M. S. Schofield: The physics of gas discharge cells
within d.c. memory display panels.

4th Int. Conf. on Gas discharges, Swansea 1976 (IEE
Conf. Publn No. 143), pp. 397-400. M

A. L. N. Stevels: On the luminescence of CsI:Mn and
CsBr:Mn.
Philips Res. Repts. 32, 77-81, 1977 (No. 2). E

A. L. N. Stevels & A. D. M. Schrama-de Pauw: Eu2+
luminescence in hexagonal aluminates containing large
divalent or trivalent cations.

J. Electrochem. Soc. 123, 691-697, 1976 (No. 5). E

R. P. Tijburg & T. van Dongen: Selective etching of
IIT-V compounds with redox systems.
J. Electrochem. Soc. 123, 687-691, 1976 (No. 5). E

Volume 37, 1977, No. 8

pages 189-220

Published 18th May 1978



May 1978

Recent United States Patents

Abstracts from patents that describe inventions from the followmg research laboratones
that form part or cooperate with the Philips group of compameS' : .

Philips Research Laboratories, Eindhoven, The Netherlands
Philips Research Laboratories, Redhill, Surrey, England
Laboratoires d’Electronique et de Physique Appliquée, 3 avenue Descartes,

94450 Limeil-Brévannes, France

Philips GmbH Forschungslaboratonum Aachen, WelﬁhausstraBe, 51 Aachen,

Germany

Philips GmbH Forschungslaboratorium Hamburg, Vogt-Kolln-StraBe 30,

2000 Hamburg 54, Germany

MBLE Laboratoire de Recherches, 2 avenue Van Becelaere 1170 Brussels

(Boitsfort), Belgium

Philips Laboratories, N.A.P.C., 345 Scarborough Road Bnarchﬂ‘ Manor,

N.Y. 10510, US.A.

4052 340

Method for reproducing a voltage dependent resistor and
a voltage dependent resistor obtained therewith

R. K. Ejjnthoven E
J.T. C. van Kemenade
Voltage dependent resistor obtained by sintering a body of a

mixture of ZnO and other metal oxides in an atmosphere which
contains bismuth.

4052 605
Interpolating non-recursive digital filter
L.D.J. Eggermont E

An interpolating non-recursive digital filter for generating output
signal samples which occur at a given output sampling frequency
and which are related in a predetermined way to a sequence of
input signal samples has an output sampling frequency which is
an integer multiple of the frequency of the input signal samples.
In order to make more efficient use of the storage capacity of a
storage device in the filter, multiplying coefficients representative
of the difference between two samples of the impulse response
which belong to different sets but to the same sampling period are
used.

4052 633
Restorable cold cathode in a gas discharge electron gun
T. M. B. Schoenmakers E

Restorable cold cathode in a gas discharge electron ion gun in
which the eroded material in the active surface of the cathode is
restored by supplying new material in the form of a wire which
is moved through a hole in the cathode body by means of a screw
spindle.

4052 681
Gas-discharge laser

K. Bulthuis =~ = - T - E
B. J. Derksema ' :
H.T. Dijkstra

J. van der Wal

A gas-discharge laser having a Brewster window near-at least one
of the reflectors which is secured directly to the laser tube. The
Brewster window is secured to a surface of the laser tube and a
normal to the window makes an angle equal to the Brewster angle
with the axis of the laser tube. The surface may be a slot in the
laser tube or a recessed end face of the laser tube near a reflector.
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An advantage is that the Brewster-window may have any con-
venient diameter and that the laser tube need not be drilled to
form a cavity.

4052 683
Microwave device

J. H. C. van Heuven . E
F. C. de Ronde ' . .

A microstrip wavegmde transition where the substraté is arranged
in a symmetry plane of waveguide and is situated parallel to the
field lines of the electrical field and the longitudinal axis of the
waveguide. The asymmetric microstrip conductor structure is
coupled, via a symmetrical-asymmetrical transformer, to sym-
metric band line provided on the substrate. To be conductive for
RF energy, the individual conductors of the ‘band line are con-
nected to opposite walls of the waveguide via broademng con-
ductors. .

4052 707

Maghetic device baving domains of two different sizes in
a single layer -

W. F. Druyvesteyn ’ B E
H. M. W. Booij '

A magnetic 'device comprising at least one thin layer of a mag-
netizable material having a preferred direction of magnetization
which is approxxmately perpendicular to the surface of the layer
in which magnetxc domains are generated, maintained and pos-
sibly annihilated in the layer. A domain guiding structure which
with a given magnetic field substantially in the preferred direction
enables the occurrence of two types of magnetic domains. The
area of the largest domain is at least 15% and at most 125%
larger than that of the other domains. The device also has means
which convert one type of domain into the other type of domain.

4052747 - o

Device for-the magnetic domain’ storage of data having a
shift register filled with coded series of domains

J. Roos ) E

A magnetic bubble domain device for recording information on
a magnetizable recording medium including a shift register filled
with a series of bubble domains coded in accordance with the
information to be recorded, the whole bubble domain pattern
being printed, in combination with a magnetic transfer field, in
one time on a recording medium, new information replacing the
old information by shifting of the bubble domains in the register.



4052748
Magnetoresistive magnetic head
K. E. Kuijk _ E

A magnetic head for detecting information-representing mag-
netic fields on a magnetic recording medium and comprising an
elongate magneto-resistive element of a magnetically anisotropic
material which at its ends has contacts for connection to a current
or voltage source. In order to linearize the playback characteristic
of the element, the easy axis of magnetization coincides with the
longitudinal direction of the element and means are present
which force the current to travel at an angle of minimum 15° and
maximum 75° with the longitudinal direction. These means
consist in particular of equipotential strips provided on the el-
ement.

4052853

Hot-gas reciprocating machine comprising two or more
working spaces, provided with a control device for the
supply of working medium to the said working spaces

J. H. Abrahams E

A hot-gas reciprocating machine involving a plurality of cycles
having a mutually different phase, during each crank shaft revolu-
tion working medium from a source of pressurized working me-
dium being successively supplied to each cycle separately, via a
control device, comprising one or more slides which are controlled
exclusively by the variable cycle pressures.

4053207
Electro-optic devices

E.T. Keve R
K. L. Bye o )

‘An electro-optic device having a platelet of PLZT material, the
birefringence of which depends on an electric field. The thickness
of the platelet preferably is smaller than the thickness of one

_grain. As a result of this the sensitivity is large and this permits a
low operating voltage in the device.

4053796
Rectifying circuit
R. J. van de Plassche ’ - E

A rectifying circuit for balanced input currents, of which the two
¢omponents are applied to a first and a second point of a selective
current mirror circuit respectively, either the first point constitut-
ing the input and the second point the output, or the first point
constituting the output and the sécond point the input of the
selective current mirror circuit, depending on and under control
of the polarity of the difference between the two components. As
a result, the selective current mirror circuit follows either the
greater or the smaller-of the two components of the balanced
input current. The first and the second pomt are each connected
to the output terminal of the rectifying circuit via a current cir-
cuit. These current circuits each have a reverse direction and each
comptise the main current path of a transistor for transferring the
difference between the output current of the selective current mir-
ror circuit and the component of the balanced input current which
is applied'to thé relévant output to the output termmal ina volt-
age decoupling manner.

4053 806

Pyroelectric detector comprising nucleating material
wettable by aqueous solution of pyroelectnc material

A. A. Turnbull _ R
H. Sewell . '
A pyroefectnc detector employing a substrate supporting a thin,

i.e:, 0.5 to 5 pm thick, solid layer of pyroelecmc material with an
mtermedlate layer of nucleating material, i.e., a material which is

wettable by a solution of the pyroelectric material so that an
adherent continuous layer is formed thereon. The pyroelectric
layer may be in the form of a mosaic of islands separated by an
electrically conductive material covered with an electrically in-
sulating material.

4053 887
Doppler radar system '
K. Holford ' : R

A Doppler radar system for controlling portable traffic signals in
response to on-coming traffic. Each of two channel amplifiers of
the system is fixed at high gain and passes both noise signals and
Doppler signals to a phase detector. A threshold element provides

_a control signal when the average level of the phase detector out-

put between high and low levels changes sufficiently, due to the
presence of Doppler signals, from a mean level which is due to
noise alone.

4055961 .
Device for liquefying gases
P. S. Admiraal . E

A liquefactor includes a refrigeration stage for cooling a com-
pressed gaseous body, and a first duct containing a first Joule-
Thompson valve for connecting the refrigeration stage to a col-
lecting container for use when the gaseous body' comprises a
single gas. A second duct parallelly connects the refrigeration
stage to the collecting container and contains a second Joule-
Thompson valve for use when the gaseous body compnses a mix-
ture of two gases to be separated. - .

4056 810
Integrated injection logic memory circuit

C. M. Hart ‘ ’ E
A. Slob ‘

A new integrated circuit in which bias currents are supplied by
means of a current injector, a multi-layer structure in which cur-
rent is supplied, by means of injection and collection of charge
carriers via rectifying junctions, to zones to be biased of circuit
elements of the circuit, preferably in the form of charge carriers
which are collected by the zones to be biased themselves from
one of the layers of the current injector. By means of said current
injector circuit arrangements can be realized without load resis-
tors being necessary, while the wiring pattern may be very simple
and the packing density of the circuit elements may be very high.
In addition a simple method of manufacturing with comparatively
few operations can in many cases be used in particular upon ap-
plication of transistors having a structure which is inverted
relative to the conventional structure. :

4055953

_ Hot-gas reciprocating engine’

A. M. Nederlof . . E

A hot-gas reciprocating engine in which the tubular connectlon
members interconnect a heater duct inside the heat pipe with the
engine’s expansion space and regenerator, each connection mem-
ber extends transverse of the center line of the relevant unit, and
is connected to the heat pipe wall with a flexible sealing member.

4056 832

Servo system for controlling the position of a- readmg
head

J. de Boer ) o E
A. Walraven : o

A servo system for controlling the position of a magnetic reading
head relative to the center of a selected information track. During
recording a long-wave positioning signal is recorded below the



data signal in the tracks. Upon reading out, the head not only
reads the information of the selected track but, as result of cross-
talk, also the positioning signals of the adjacent tracks. After
filtering out and processing the positioning signals, a control
signal for controlling the head is obtained.

4057063
Device for sterilization by transuterine tube coagulation

A.C. M. Gieles E
G. H.J. Somers

A device for sterilizing human females by transuterine fallopian
tube coagulation wherein the substantial increase in impedance
of the tissues during coagulation is used to signal for termination
of treatment.

4057725
Device for measuring local radiation absorption in a body
W. Wagner H

A device for measuring the spatial distribution of radiation
absorption in a body wherein a multiplicity of radiators are
regularly distributed about a circle surrounding the body, each
radiator emitting a wedge-shaped beam of radiation in the plane
of the circle toward a different arc portion of the circle between

two other radiators, a multiplicity of adjoining detectors in each -

arc portion measuring radiation from the radiator emitting
radiation to that arc portion, the spatial distribution of radiation
absorption being calculated from the measured radiation values
of all the detectors.

4057728
X-ray exposure device comprising a gas-filled chamber

K. Peschmann
H.-G. Junginger

An x-ray exposure device comprising a flat and plane rectangular
chamber containing an ionizable gas and having walls provided
with electrode structures which generate a potential distribution
corresponding to that of two concentric spherical electrodes, an
insulating foil on which charge carriers resulting from ionization
of the gas by the x-radiation and displaceable in the longitudinal
direction of the chamber being arranged therewithin.

A

4057 796
Analog-digital converter

A. Hoogendoorn
R. E. J. van de Grift
T.J. van Kessel

An analog-digital converter in which a capacitor is charged or
discharged by a reference current with the aid of tranmsistor
switches, a continuous current flows through the capacitor which
is determined by an input difference voltage. One side of the
capacitor is connected via a comparator to a flip-flop, to which
flip-flop a clock signal is applied and which flip-flop drives the
transistor switches. The other side of the capacitor is connected
to the first input of a differential amplifier, which differential
amplifier forms part of a negative feedback loop which maintains
the voltage at the first input of the differential amplifier equal to
the voltage which is applied to the second input of the differential
amplifier.

4057 831

Video record disc manufactured by a process involving
chemical or sputter etching

B. A.J. Jacobs
J. van der Wal
G. B. Gerritsen

A mother for manufacturing long-playing video records is
provided by (1) selectively exposing a photoresist disposed as the
outer layer on a substrate comprising a disc-shaped plate, a thin
layer of base material, e.g., an oxide or nitride, adhering to the
plate and a thin metal layer, e.g., chromium, silver, nickel or
titanium, coating the base material layer, (2) removing non-
activated sections of the photoresist layer and (3) sputter or chem-
ically etching the thin metal and base material layers in sections
corresponding to the removed sections of the photoresist layer.

E

4057 833

Centering detection system for an apparatus for playing
optically readable record carriers

J.J. M. Braat E

An apparatus as described for reading a record carrier on which
information, for example video and/or audio information is
stored in an optically readable track-shaped information structure.
A deviation between the center of a read spot which is projected
on the information structure and the center line of a track to be
read can be detected with the aid of at least two detectors which
are disposed in the far field of the information structure in dif-
ferent quadrants. With the aid of the same detectors a reference
signal is obtained which is used for deriving a control signal for
correcting the position of the read spot relative to the track to be
read.

4058 382

Hot-gas reciprocating machine with self-centered free
piston

J. Mulder E

A hot-gas reciprocating machine having a free piston, one face
of which varies the volume of a working space while its other face
bounds a buffer space of constant pressure. A control mechanism
maintains a constant nominal central piston position by mo-
mentarily connecting the working space and the buffer space.

4058 743
Pulsg generating circuit
D. R. Armstrong R

A pulse is generated in an output transformer and this pulse is
used to provide a spark across a spark gap for the purpose of
igniting any gasfair mixture present. The circuit operates from a
1.5 volt d.c. source. .

A blocking oscillator is energized by a two position switch which
is operated to a first position, and this charges a capacitor. The
capacitor is then discharged through an output transformer to
produce the spark when the switch is returned to its original rest
position. The winding used to charge the capacitor from the
blocking oscillator is also used in the discharge path for the capaci-
tor and this inductive loading provides a slower discharge and a
more controlled lower energy spark which is found to be better
for gas ignition.
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the structure of two types of aluminate that act as the
host lattice for the phosphors we shall discuss here.
This will be followed by a discussion of some phos-
phors and the background to their behaviour [8].

In an aluminate lattice the Eu2* ion usually gives a
blue luminescence band. It is in fact an Eu2*+-activated

J. L. SOMMERDIJK and A. L. N. STEVELS
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Mn2+, sometimes red as well. We shall take a closer
look at the properties of the combination Ce3+-Tb3+,
which is used in the green phosphor for the fluorescent
lamp mentioned above. It is found that a very reason-
able explanation can be given for the behaviour of this
combination.

O o~

o A”

/;)\ @ Me*, Me*

b

Q

Fig. 2. The crystal structure of magnetoplumbite (@) and of f-aluminium oxide (). In both
cases half a unit cell is shown; the complete cell is obtained by mirror reflection of this part
from a lower or an upper plane. (Taken in part from C. A. Beevers and M. A. S. Ross,

Z. Kristallogr. 97, 59, 1937.)

aluminate phosphor that is used for the blue com-
ponent in the fluorescent lamp mentioned above. In
one particular host lattice, however, Eu?* can also give
luminescence in the ultraviolet. As a rule, Ce3* ions in
an aluminate lattice give ultraviolet luminescence, but
in some cases blue emission is also observed. In dealing
with the Eu2* and Ce3+ phosphors we shall examine
the factors that determine the colour of the lumines-
cence, and also examine the dependence of the effi-
ciency of the luminescence on temperature and concen-
tration.

The energy that Eu?* and Ce3* ions absorb when
subjected to ultraviolet radiation can be given up not
only by luminescence but also by the transfer of energy
to other ions deliberately incorporated in the lattice,
which can then luminesce in their turn. Energy can alsé
be transferred to non-radiative centres, a process that
is obviously most undesirable. An interesting. case is
the energy transfer to Tb3+ or Mn2+ ions, which are not
themselves sufficiently capable of absorbing ultra-
violet radiation. There is then competition between the
intrinsic luminescence of Eu?* or Ce3* ions and the
energy transfer to Tb3+ or Mn2* ions, which in their
turn both give green luminescence or, in the case of

" structure,

Crystal structure of the host lattices

The phosphors we have investigated have two types
of host lattice. One has the general formula
Me2+Me3+15019, the other MetMe3+,;017. The Me2+
and Me™ ions are comparable in diameter with the O2-
ions. The Me3+ ions are mainly aluminium ions, which
are much smaller and are located in the interstices be-
tween the oxygen ions.

When ions of a different valency are substituted for
the monovalent or divalent large cations, this must be
compensated by other substitutions. A deviation in the
stoichiometry may also occur to compensate such a
marked deviation in the charge of the Ia'rge cations.
This would then imply a deviation from the ideal
structure of the crystal lattice.

The crystal structure of the aluminates with the
formula Me2+Al12019 is known as the magnetoplumbite
from the mineral magnetoplumbite,
PbFe12019, in which this structure was first found.
Me*Al11017 crystallizes in the g-aluminium-oxide
structure, first found in NaAl;1017. This is a mineral
that was originally thought to be a modification of
aluminium oxide. Both these structures are also found
in ferrites 4, Experience with X-ray-diffraction
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studies of these ferrites 151 has proved of great value in
determining the structure of the phosphors described
here.

As can be seen in fig. 2, the unit cell in both structures
consists of blocks with a spinel structure, in which
oxygen and aluminium ions occur, alternating with
thinner intermediate layers. The differences between
the two structures are due entirely to the different
arrangement of the ions in these intermediate layers.
In the magnetoplumbite structure the intermediate
layer consists of a close-packed arrangement of oxygen
ions and large cations, with the large cations forming a
hexagonal pattern in the layer. The intermediate layer
also contains some aluminium ions. In the p-alu-
minium-oxide structure the intermediate layer is rela-
tively empty, in each unit cell it contains only one large
cation and one oxygen ion.

The rare-earth ions incorporated as activators in the
phosphors may be built into the intermediate layers of
the aluminate lattice at the sites of the large cations.
The Mn2?+ and Mg?* ions, which come into our consid-
erations, are located at aluminium sites. The A3+ sites
in the aluminates we have studied are of different types.
The luminescent properties of the Mn2+-containing
phosphors depend to a great extent on which of these
sites is occupied by the Mn2* jon. ~

As noticed earlier, the valency of the large cations
may in practice be higher than in the ideal structure. In
compensating the excess charge by the incorporation
of Mg2+* ions, these ions take up positions at the Al3+
sites in the lattice. For compensation by the addition of
02~ jons, these extra ions are incorporated at the
sites of large cations in the intermediate layer. The
various possible ways of compensation are summarized
in Table 1.

An example of a combination of modes of com-
pensation is barium aluminate, which has the f-alu-
minium-oxide structure. The compensation for the
divalence of the barium ion is brought about in prin-
ciple by the creation of aluminium vacancies:
BaAljg.67017. The existence region of the f-aluminium-
oxide phase for Ba aluminate is fairly broad, and com-
pensation can also be effected by incorporating O2-
jons at large-cation sites, for example Bag.75A111017.2s.
In this way a great variation in composition is possible
without the formation of a different crystal structure.
This is not the case for La and Ce aluminate. Both these
compounds have the magnetoplumbite structure, and
the existence region, corresponding to the formulae
(Lag.8600.14)Al11.9019 and (Ceo.8600.14)Al11.9019, is
fairly narrow. These formulae show that compensation
for the trivalence of La and Ce takes place here
through the occurrence of both Al vacancies and
oxygen ions at the sites of large cations. A study of
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Table I. Various possible reactions to compensate for a too high
valency of the large cations in the aluminates discussed here.
Each ‘reaction equation’ for the compensation process is accom-
panied by an example.

Equation

Me2+ + A3+ — Med+ 4 Mg2+
Me* + Al3+ — Me2* 4 Mg2+
Met — Me2+ — 1 A3+

Met — 3Me?t 4 102-

Example

CeMgAli1019
BaMgAlmOn

* BaAlig.67017
Bag.75A111017.25

luminescence data indicates that we can assume that
the presence of oxygen ions at the large-cation sites
causes a regrouping of the neighbouring oxygen ions
and the aluminium ions in the intermediate layer. As a
result the structure may be so deformed that the alu-
minium ions originally surrounded by five oxygen ions
in the intermediate layer are now tetrahedrally sur-
rounded. These tetrahedrally surrounded ions are sit-
uated at a short distance from the large cations. The
consequence of this for the luminescence of some al-

_uminate phosphors will be discussed later on in this

article.

In general, aluminates with monovalent large
cations are only found to have the f-aluminium-oxide
structure, and aluminates with trivalent large cations
only have the magnetoplumbite structure. In the case of

. divalent large cations the structure is determined by

the cation diameter. Where the cations are relatively
small, like Ca2+, only the magnetoplumbite structure is
found, but where they are relatively large, like Ba2+,
only the f-aluminium-oxide structure is seen. The
cations Sr2* and Eu2* occupy an intermediate posi-
tion: the structure that occurs now depends on the
small cations. In spite of the very close similarity
between the two structures, their miscibility is never-
theless small. Phase separation occurs, as in the system
SrAllzolg—SngAlloOm.

The solubility of the various activator ions in both
types of aluminate lattice is really a direct consequence
of the foregoing. Eu2* can be taken up in both host
lattices. Ce3+ has a marked preference for the magne-
toplumbite structure and is not readily soluble in -
aluminium-oxide phases. Tb3+ is small and while it can
be taken up in a magnetoplumbite lattice it can hardly
be incorporated at all in a f-aluminium-oxide lattice.
Mn2+ has a preference for the f-aluminium-oxide lat-
tice. Mn2* ions only fit into a magnetoplumbite lattice
when sufficient trivalent large cations are present.

31 A general introduction to the luminescence mechanisms in
phosphors is given in: G. Blasse and A. Bril, Philips tech.
Rev. 31, 304, 1970. We shall refer to various pages of that
publication. :

[41 See for example the article by C. A. M. van den Broek and
A. L. Stuijts in this volume of Philips tech. Rev., p. 157
(No. 7).

[81 P, B. Braun, Philips Res. Repts. 12, 491, 1957.
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Fig. 3. Energy-level diagrams of Ce3*, Eu2* and Tb3+ in oxidic host lattices; the energy is
plotted on the vertical axis in cm~1. The horizontal lines represent the sharp 4f levels and the
hatched areas represent bands formed by the 4f*—15d states. The levels on which a filled
semicircle is drawn are the levels from which luminescence is observed. For Eu?+ two situa-

- tions are shown: the case in which a luminescence band is observed, originating from the
transitions 4f65d — 4f7 and the case in which emission lines are observed in addition, orig-
inating from the Py level. The second case is encountered when the crystal field is such that
the bottom of the 4f65d band is higher than the ®P72 level. -

Luminescence of Eu?' and Ce®*

In nearly all cases the luminescence of Eu2* and Ce3+
ions stems from a transition from a 5d orbit to a 4f
orbit ( fig. 3). The 5d orbits lie on the outside of the
ions and are strongly affected by the immediate environ-

ment. Because of this the position of the associated
energy levels varies quite considerably. Thermal vibra-
tions of the surrounding ions and local variations in the
lattice structure therefore have the result that the
luminescence spectra have no sharp lines but relatively
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broad bands. Owing to differences in the crystal field
between the various host lattices, the location of these
bands is closely dependent on the host lattice.

As we stated earlier, the luminescence of Eu2t in
aluminates is mostly blue and that of Ce3+ is mostly in
the long-wave ultraviolet. If the light output is suf-
ficiently high, the Eu2* emission is directly usable for
lighting. Ce3+, on the other hand, can only be used for
lighting as a sensitizer in combination with appropriate
activator ions, which deliver visible light via a process
of energy transfer. In addition to this ‘ordinary’ emis-
sion from Eu2t and Ce3+, another emission is found in
some aluminates. For instance, in one particular host
lattice the Eu2* ion emits lines in the long-wave ultra-
violet. In other host lattices a very strong interaction
appears to take place between Eu?t or Ce3+ ions and
neighbouring oxygen ions. In the case of Eu?t+ this
gives green and. in the case of Ce3+ blue luminescence.

The ordinary luminescence bands

The spectra given in fig. 4 show how the structure of
the host lattice and the diameter of the large cations
affect the location of the luminescence bands.

There are two factors of influence here: the first is
the strength of the crystal field at the sites of the
luminescing ions, and the second is the degree of
covalence of these ions, i.e. the extent to which they
share the electrons in their outermost shell with the
surrounding oxygen ions. The action of the crystal
field splits the 5d level into sublevels, the luminescence
always taking place from the lowest sublevel. In a
stronger crystal field there is more splitting, causing
this lowest sublevel to shift to a lower energy, so that
the luminescence appears at a longer wavelength. The
degree of covalence determines the location of the
centre of mass of the collective sublevels; with stronger
covalence all 5d levels shift to a lower energy, which
also means that the luminescence shifts to a longer
wavelength.

In addition to the luminescence spectra, as shown in
fig. 4, another aid to the study of phosphors is given by
the excitation spectra, where the light output is given as
a function of the wavelength of the exciting ultraviolet
radiation. In our case these excitation spectra make it
possible to study the split 5d level in a more direct way.
In nearly all cases the excitation wavelength is shorter
than the wavelength at which the ensuing luminescence
takes place. The effect is known as the Stokes shift (6],

From the luminescence spectra, and with the results
of the excitation measurements, we can draw a number
of conclusions 7, It is found, for example, that co-
valence has relatively little influence in the case of Eu2+
and is almost the same for all host lattices. The ob-
served differences in luminescence are thus mainly a
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Fig. 4. The intensity @,, in arbitrary units, of the emission of
Eu?t (above) and Ce3* (below) in a number of aluminates as a
function of the wavelength A. The curves of host lattices with the
magnetoplumbite structure are drawn as solid lines, the curves for
host lattices with the f-aluminium-oxide structure are shown as
dashed lines.

a) SrAl12019:Eu2+,

b) CaMgAl;10;38.5:Eu2t.
¢) Lao.ssAl11.9019.14:Eu?+,
d) BaAlyp,67017:Eu+,

e) SrMgAl;o017:Eu2t,

[f) SrAl12019:Ced*.

&) Lao.geAl11,9019.14:Ced*.
h) BaAl1g,57017:Ce3+.

consequence of differences in the crystal field. Appar-
ently Eu?* gives more crystal-field splitting in a B-alu-
minium-oxide lattice than in a magnetoplumbite lat-
tice. The reason for this difference is that in the g-alu-
minium-oxide structure the arrangement of the oxygen
ions around the Eu?t* ion is strongly asymmetrical.
If BaMgAl10017, which has the p-aluminium-oxide
structure, is activated with Eu2+, this phosphor then
emits exactly the right wavelength (450 nm) for the
three-phosphor lamp mentioned in the introduction.
The lanthanum aluminates Lag.ggAl;1.90019.14 and
LaMgAl11019, as host lattices for Eu?+ phosphors,
occupy a position midway between the magneto-
plumbite and the f-aluminium-oxide structure. The
crystal structure resembles that of the magnetoplumbite
lattices, but the behaviour of the luminescence spectra
more closely resembles that of phosphors with a f-
aluminium-oxide structure. The explanation for this is
that Eu?* in the lanthanum aluminates occupies the
site of a trivalent ion. Because the positive charge of the
Eu?* ion is too small, the 5d orbits are enlarged, with
the result that the crystal field around the ion exerts a
stronger influence. The effect of this is that there is

[6] See the article by Blasse and Bril [3, pages 314-316.
(71 A. L. N. Stevels and A. D. M. Schrama-de Pauw, J. Electro-
chem. Soc. 123, 691, 1976.
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more splitting of the 5d levels in the excitation spectra,
so that the luminescence has a longer wavelength than
would at first sight be expected.

The emission spectra also show that the diameter of
the large cations affects the wavelength of the Eu2+
luminescence. With an otherwise identical crystal
structure, the largest cations give luminescence with the
shortest wavelength, as a result of a relatively weak
crystal field at the location of the Eu2* ions. The effect
of the cation diameter is clearly less than that of struc-
tural differences. Indeed, the influence of the large-
cation diameter does not show up at all in the excita-
tion spectra. This is not entirely unexpected, since the
influence of the structure is also relatively small in
these spectra.

In the phosphors activated with Ce3+ the two types
of host lattice differ in much the same way as in the
Eu2+ phosphors 8], Here, however, the crystal-field
splitting is on the whole smaller than with the Eu2+
phosphors. This is a consequence of the higher charge
of the Ce3+ ion, which draws the 5d orbits closer to the
nucleus so that they are less affected by the crystal
field.

The excitation spectra of the Ce3+ aluminates show
that the degree of covalence in the bond between these
ions and the host lattice has a distinct effect on the
location of the centre of mass of the 5d levels. In
‘magnetoplumbite’ phosphors with Ca or Sr, where the
covalent interaction is small, it lies about 41 000 cm—1
above the 4f level; in the Ce3+-activated lanthanum
aluminate this interaction is relatively strong and the
distance is consequently smaller, about 38 000 cm™1.

Luminescence lines of Eu?+

Recent work has revealed that, in addition to the
luminescence band of Eu2+ described above, which is
due to a 4f65d — 4f7 transition, this ion can also emit
lines when it is incorporated in certain host lattices.
These lines appear to arise from the transition from
an excited 4f7 state to the 4f7 ground state. The electron
orbits to which these states correspond are both located
entirely in the interior of the ion, as we saw earlier, and
are therefore little-affected by the crystal field in the
host lattice. Because of this the luminescence lines are
narrow. The decay time of this luminescence is rel-
atively long: a few milliseconds as against a few micro-
seconds for the band emission. The reason for this is
that the luminescence lines originate from ‘forbidden’
transitions, and the screening of the orbits makes it
more difficult for the crystal-field effects to counteract
this prohibition.

Among the aluminates so far investigated, SrAl12019
is the only host lattice in which the line emission of
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Fig. 5. The luminescence spectrum of SrAl12019 activated with
Eu?*, measured at 300 K (dashed) and at 77 K (solid curve).
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Fig. 6. The ratio R of the line intensity to the band intensity of
SrAl;2019 activated with Eu2+, as a function of the reciprocal of
the temperature 7.

Eu2* has been observed (9], As shown in fig. 5, some
structure is already to be seen at room temperature on
the short-wave edge of the broad luminescence band;
at 77 K the band has just about disappeared and only
the lines are left. The lines can only be observed in
SrAl;12019 and not in other aluminates because the
crystal field in SrAl120;9 is relatively weak. Because of
this there is little crystal-field splitting of the 4f65d level,
and the bottom of the corresponding band in the
energy-level diagram lies just above the excited 4f7
level. In all other aluminates the crystal-field splitting
is so much stronger that the 4f7 level is overlapped by
the 4f65d band, and since the band transition has a
much greater probability than the line transition, the
lines vanish.

81 A, L. Stevels, J. Electrochem. Soc. 125, 588, 1978.
91 J. M. P. J. Verstegen, J. L. Sommerdijk and A. Bril, J.
Luminescence 9, 420, 1974.
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The ratio R of the line intensity to the band intensity in the
temperature range of interest can be described by

R = (rijra) exp (AE/KT),

where r¢ and rq are the probabilities of the radiative line transition
(4f7 — 4f7) and the band transition (4f65d — 4f7). AE is the

difference in energy between the lowest 4f85d state and the 4f7

emission state, k is Boltzmann’s constant and 7 the absolute
temperature. Measurement of the ratio R as a function of T gives
a value of about 500 cm~! for AE and the ratio r¢/rq is found to
be about 10-3 (see fig. 6).

Luminescence of Ce3t and Eu®t in very strong inter-
action with oxygen

In aluminates activated with Ce3+ a blue band is
observed in addition to the luminescence band in the
ultraviolet described earlier. Fig. 7 shows this effect for
Lag.g6Al11.9019.14:Ce3*. The blue band may be attrib-
uted to the very strong interaction between the Ce3+
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Fig. 7. Luminescence intensity @, in arbitrary units, as a func-
tion of the wavelength 4 of (Lai-zCez)o.s6A111.9010.14 for four
values of the parameter x. At low Ce concentrations there is only
luminescence in the ultraviolet, characteristic of the Ce3* ions.
At higher concentrations a blue emission band appears, which is
a result of very strong interaction between the Ce3+ ions and
neighbouring oxygen ions, causing the ultraviolet luminescence
to disappear completely, owing to efficient energy transfer to the
blue luminescing centres.
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Fig. 8. Emission spectra of two Ce3*-activated Sr aluminates.
The compound that gives the solid curve contains no oxygen ions
at large-cation sites. In the preparation of the compound that
gives the dashed curve an excess of AlzO3 has been added; this
causes oxygen ions to appear at large-cation sites. The compound
corresponding to the dashed curve therefore gives a blue lumines-
cence band in addition to the characteristic Ce3+ emission. This
blue band is due to very strong interaction between Ce3+ and
neighbouring oxygen ions.
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ions and oxygen ions at neighbouring large-cation sites,
an interaction we shall refer to here as ‘associate forma-
tion’, to distinguish it clearly from the other inter-
actions that take place in phosphors. At low Ce con-
centrations about 16%, of the total number of quanta
are emitted as blue luminescence, irrespective of this
concentration. This indicates that the.distribution of
Ce among the available sites is completely random and
that associate formation does indeed occur with all Ce
ions close to a large-cation site occupied by oxygen. At
high Ce3* concentrations the energy transfer from
excited free Ce3+ ions, emitting in the ultraviolet, to the
Ce-O associates appears to be so efficient that the blue
luminescence is dominant and the luminescence in the
ultraviolet is completely quenched (see fig. 7). Appar-
ently the presence of Mg2* ions in a sample hinders the
formation of associates, since Ce aluminates contain-
ing Mg do not give a blue luminescence.

.Ce3t+ phosphors in which there are no oxygen ions at
large-cation sites do not give blue luminescence from
Ce-O associates. Oxygen ions can, however, be in-
corporated at the large-cation sites by adding an excess
of AlzO3 during the preparation of such phosphors;
blue fluorescence is then produced in addition to the
usual ultraviolet fluorescence (see fig. §).

A similar fluorescence band in the green, also attri-
butable to associate formation, is found in phosphors
activated with Eu2*. The only difference from the Ce3+
situation is that the green band has a much lower
intensity, because the energy transfer from free Eu?*
ions to Eu-O associates is much less than with Ce.

Efficiency of the luminescence

As we have seen, luminescence colours varying from
green to ultraviolet can be obtained with Eu2+ and
Ce3t in aluminate host lattices. It is even possible to
select a host lattice such that the wavelength is ac-
curately defined. In practice, however, the colour is not
the only important quantity. To make a good lamp the
phosphors must give a high light output, which means
that the ultraviolet absorption and the quantum effici-
ency of the luminescence must both be high. The host
lattice in which the activator is incorporated has a
marked effect on the light output, as does also the
activator concentration. Another point is that the light
output of a phosphor generally decreases with rising
temperature ; this again evidently depends on the host
lattice.

We shall now consider in somewhat more detail the
various factors that have an effect on the quantum
efficiency of a phosphor.
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Table II. Approximate values for the quantum efficiency (in %)
of a number of phosphors activated with Eu2+ or Ce3*, on
excitation by radiation at a wavelength of 250-270 nm.
—: Sample was not homogeneous or showed no luminescence.
*: Sample in which all available sites are occupied by activator
ions (differing from the contents stated at the head of the
table).

Quantum
efficiency
on activation
with 149 Ce3+

Quantum
efficiency
on activation
with 2% Eu2t

Host lattice

Magnetoplumbite

CaAl;2019 50 50
CaMgAl1101s.5 - 50
SrAl120;9 55 70
EuAl12019 20* —_

As above, with large
trivalent cations

Ceo.86A111.9019.14 — 60*
Lao.ssAl11.9019.14 50 55
CeMgAl11010 — 60*
LaMgAl11019 60 . . 60
B-aluminium oxide
SrMgAl10017. 65 —
EuMgAl;o017 45* —
BaAli0.67017 70 50
BaMgAl9O17 70 60

Effect of the host lattice

Table II gives some approximate figures for the
quantum efficiencies of various phosphors activated
with Eu?t and Ce3* and excited by radiation with a
wavelength of 250-270 nm, the wavelength range that
includes the emission of a low-pressure mercury dis-
charge. These efficiencies can be said to be fairly high,
certainly if it is remembered that in some cases the
excitation spectra show an optimum excitation wave-
length higher than 270 nm.

In the f-aluminium-oxide lattice of BaMgAl;¢O17
the luminescence band of Eu2* lies at 450 nm, which
is the appropriate wavelength for the three-phosphor
lamp, as we saw earlier. The quantum efficiency of this
phosphor is high and is not very sensitive to impurities,
nor is it much affected by temperature.

Concentration quenching

The quantum efficiency of the Eu2+-activated phos-
phors decreases noticeably at higher Eu2+ concentra-
tions; this effect is known as concentration quenching.
The Ce3+-activated phosphors do not give this quench-
ing effect, or if they do, only slightly. The explanation
for concentration quenching with Eu?+ is that with in-
creasing Eu concentration the energy transfer between
the activator ions steadily improves, so that the excita-
tion energy is transported over larger distances through
the lattice before luminescence can occur. This means
that lattice defects where a non-radiative transition can
occur are more easily reached. The energy transfer be-
tween Eu2* ions in aluminates is found to be so good
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that in some cases the quantum efficiency is governed
by the number of lattice defects, even at low Eu con-
centrations. For Ce3* the energy exchange between the
activator ions is apparently much less effective, since
little or no concentration quenching occurs with this
activator.

When small amounts of Mg2?+ ions are incorporated
at Al3+ sites in SrAl;2019:Eu2+, defects are produced
that strongly quench the luminescence. The resultant
reduction in efficiency is again greatest at higher Eu2+
concentrations, where the energy transfer between the
Eu?+ ions becomes significant. The addition of Mg
is probably responsible for the introduction of
oxygen vacancies as a result of the reduced positive
charge caused by this addition. An argument in support
of this is that when the creation of oxygen vacancies is
prevented by adding an equal quantity of La3+ ions as
well as Mg2+, the efficiency is again almost equal to
that of SrAl12019:Eu?t,

Fig. 9 shows that SrAl;2019:Eu2+ must also con-
tain natural defects, in view of the strong concentra-

—~—
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Fig. 9. Quantum efficiency # of a number of Eu2*-activated
aluminates, as a function of the europium content x. Pure
SrAl12019:Eu2t exhibits strong concentration quenching. The
addition of lanthanum causes a marked decrease in the concen-
tration quenching, because of its effect on the defect situation in
the crystal lattice.
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Fig. 10. The total luminescence intensity /, in arbitrary units, as a
function of the temperature T for a number of Eu2t-activated
aluminates. The solid curves relate to phosphors whose host
lattice has the magnetoplumbite structure; the dashed curve was
measured on a phosphor whose host lattice has the #-aluminium-
oxide structure.
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tion quenching of this phosphor. This is also to be

expected from the good transfer of energy, since the

defects where non-radiative transitions occur are
reached more effectively. The addition of a little
lanthanum is sufficient to reduce the concentration
quenching quite considerably, and when the host lat-

tice is Lag.ssAl11.9019.14 hardly any quenching is .

observed. It has therefore been possible here to
improve the defect situation of the host lattice by
changing the composition. This is a very exceptional
situation for oxidic phosphors in general. Usually the

Table ITI. Thermal quenching in a number of Eu2t-activated
phosphors, characterized by the temperature Tso at which the
efficiency has dropped to 50 % of its value at 77 K.

Host lattice Ts0 (K)
Magnetoplumbite
CaAl12019 380
CaMgAl;10;18.5 380
SrAl12019 385
EuAl;2019 370
As above, with large
trivalent cations
Lao.ssAl11.9019.14 400
LaMgAli1019 410
B-aluminium oxide
SrMgAl10017 575
EuMgA110017 565
BaAlio.67017 535
BaMgAl10017 610

existence region of a phase suitable as a host lattice is
too narrow to allow any essential change in the defect
situation. Fig. 9 also shows that there is a marked dif-
ference in the defect situation in Sr aluminate and in
La aluminate. It seems as if the additional oxygen
atoms contained in the intermediate layers in La alum-
inate are able to prevent the occurrence of lattice
defects that adversely affect the efficiency.

Since La and Ba aluminates contain Al vacancies,
the incorporation of Mg2* ions will not lead to oxygen
vacancies. The addition of Mg to these aluminates will
not therefore cause any drop in efficiency. On the con-
trary, La aluminate gives a slightly higher efficiency
after the addition of Mg. The reason for this is that
phosphors activated with Eu2+ give a somewhat lower
efficiency when oxygen ions occupy large-cation sites,
and the addition of Mg to Lag.geAl11.0019.14 partly
eliminates these oxygen ions.

Thermal quenching

In most cases the luminescence intensity of the
phosphor decreases with rising temperature, an effect
known as thermal quenching. This quenching is caused
by the activation at higher temperatures of non-radia-
tive processes, which at very high temperatures even-

ALUMINATE PHOSPHORS 229

tually predominate over the luminescence. If a phos-
phor is to be of practical use, thermal quenching should
not occur at the normal operating temperature. We
have studied the thermal-quenching effect mainly with
reference to the luminescence of Eu?+. It is found that
this effect is also dependent on the host lattice. Fig. 10
shows, for example, that the thermal quenching of the
luminescence of Eu?* in a host lattice with the f-alu-
minium-oxide structure becomes significant at much
higher temperatures than in a host lattice with the
magnetoplumbite structure. ‘

For thermal quenching a model has been given that is based on
the ‘configuration coordinate’ for an active ion (19, This model
shows that the stronger the bond between the activator and the
environment, the higher the temperature at which quenching
occurs. In a host lattice with the f-aluminium-oxide structure
the bond of an Eu2* jon with the nearest-neighbour oxygen ion is
much stronger than in a lattice with the magnetoplumbite struc-
ture. In the first case quenching is therefore expected at a much
higher temperature than in the second. Table /1] again shows that
this is in fact the case. The quenching is characterized here by
T's0, the temperature at which the efficiency has dropped to 50%
of the value at 77 K (the temperature of liquid nitrogen). It also
appears from the table that the difference in structure, and hence
in bond strength, has a much greater influence than a difference
in diameter of the other large cations. In its thermal-quenching
behaviour, a lanthanum-aluminate host lattice is most closely
related to the magnetoplumbites. The Eu®+ ion replaces a trivalent
La ion here, and two opposing effects come into play. On the one
hand T50 must be high on account of the high bond strength in a
lattice containing a large number of trivalent large cations sub-
stituted for divalent cations. On the other hand, as we saw earlier,
the Eu2+ jon is greatly expanded by its effective negative charge,
which must lead to a lower bond strength and hence to a lower
quenching temperature.

Eu*" and Ce®t as sensitizers

It is known from the literature that Eu2t+ and Ce3+
jons can act as sensitizers for the luminescence of
activator ions that are not themselves sufficiently ca-
pable of absorbing ultraviolet radiation. This is also
found to be the case in the aluminate lattices dealt with
here. The energy transfer from the sensitizer ions to the
activator ions can be very good, particularly in the
combinations Ce3+-Tb3+, Ce3+-Mn2+ and Eu2+-Mn2+,
The Mn-activated phosphors emit a green fluorescence
band, which makes them useful in xerography. The
phosphors activated with the Ce-Tb combination emit
a number of luminescence lines, mainly green. This
combination is used for the green-emitting phosphor
in the fluorescent lamp mentioned in the introduction.
We shall consider here the combinations Ce-Tb and
Eu-Mn.

, [10] See the article by Blass;e and Bril 8}, pages 314-320.
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1t was noticed at quite an early stage that the Ce-Tb
phosphor had to contain a fairly large amount of the
rather expensive Tb to give green Tb3+ emission with
a high efficiency. This alone made it worthwhile to
study the behaviour of this very interesting phosphor.

In the combination Eu-Mn and Ce-Mn the Eu?+ and
. Ce8+ jons are situated in the intermediate layers that
separate the spinel blocks from each other. The Mn
ions, on the other hand, are usually situated in the
spinel blocks, unlike the situation in all the phosphors
so far considered, where the active ions are only found
in the intermediate layers. This means that the effect of
the structure of the host lattice on the luminescent
properties of the Eu-Mn and Ce-Mn phosphors is far
. more complicated.

The combination Ce3+-Th3+

A very useful phosphor, with high quantum effi-
ciency and light ouiput, is based on the combination
Ce3+-Tb3+, The composition of the compound,
which combines a low-intensity ultraviolet emission
from the Ce3+ with a high-intensity green emission
from the Tb3+, is found to be approximately
Ceo.67Tbo.3sMgAl11015. This phosphor contains a
large number of activator ions (Tb3+), compared with
most other phosphors where energy transfer is signi-
ficant. An activator content of a few per cent is usually
sufficient to give an optimum quantum efficiency. A
knowledge of the crystal structure and the energy-
transfer mechanisms enables an explanation to be given
for the different behaviour of this Ce-Tb phosphor (1],

Let us first consider the geometry of the Ce-Tb phos-
phor. The active ions are situated in the intermediate
layers in the magnetoplumbite structure of the host
lattice. As can be seen in fig. 1/, the large-cation sites
form a hexagonal lattice in this layer. The distance
between an ion and its six nearest neighbours is
0.56 nm; the distance to the six next nearest neigh-
bours is J/3 times greater, amounting to 0.97 nm. The
distance between large cations in different intermediate
layers amounts to half the hexagonal cell constant, i.e.

. . . . . . .
. . —_—— . . .
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Fig. 11. The hexagonal arrangement of the large cations in the
thin intermediate layer of the magnetoplumbite structure of
Ce1-zTbzMgAl1019. The distance between the nearest rare-
earth neighbours is always 0.56 nm, as indicated.
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Fig. 12. Quantum efficiency 7 for the luminescence of Tb3* and
Ce3* in Ce1-zTbzMgAl11019, as a function of the Tb fraction x.

more than 1.1 nm. We assume that the Ce and Tb ions
are randomly distributed among the available sites in
the intermediate layers. X-ray diffraction gives no
information on this, since the scattering coeflicients of
Ce and Tb are almost identical. Neutron diffraction,
which does permit discrimination between the two
kinds of ion, reveals no indications of any regularity in
the distribution.

In principle there are two ways in which energy can
be transported from a sensitizer to an activator ion: by
Coulomb interaction or by exchange interaction.
Direct exchange interaction is only reasonably possible
over distances up to 0.3-0.4 nm [121. Since the smallest
possible distance between sensitizer and activator ions
is 0.56 nm in our case, this transfer mechanism must
be regarded as rather unlikely.

Coulomb interaction, in which energy transfer takes
place via electric fields, does offer a means of bridging
the relatively large distance between a sensitizer and an
activator ion. For the radiative transition of Ce3+ a
dipole transition is the most probable, since it is an
allowed transition and has a much higher oscillator
strength than the quadrupole transitions of the Ce3*
ion. The excitation transition of Tb3+ may be either a
dipole or a quadrupole transition. The selection rules
forbid the dipole transition, so that the oscillator
strength is very low and does not differ much from
that of the quadrupole transition. Estimates based on
the theory show in addition that the probability of a
quadrupole transition of Tb3* in the energy transfer
from Ce3* to a neighbouring Tb3+ ion is much greater
than that of a dipole transition of Tb3+ (131, The prob-
ability of this energy-transfer process is also greater
than the probability of a radiative transition of Ce3*
itself. The transfer between Ce3t ions alone is neg-
ligible, as appears from the absence of concentration
quenching of the fluorescence in phosphors that con-
tain only Ce3+, as mentioned above.
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Fig. 13. The decay time 7 and the quantum efficiency » of the
Ce3* luminescence in Ce1—:Tb:MgAl11019 as a function of the Tb
fraction x.

We can now calculate the manner in which the ef-
ficiencies of the Ce and Tb emission of a Ce-Tb phos-
phor depend on the concentration of Ce3+ and Tb3+ (111,
The transfer probability in dipole-quadrupole inter-
action between a Ce3* jon and a Tb3+ ion at a distance
R apart is proportional to (1/R)8. This means that the
energy transfer between next-nearest neighbours in an
intermediate layer is (}/3)8 or 81 times less probable
than transfer between nearest neighbours. Transfer be-
tween ions in different intermediate layers is even less
probable, because of the large distance (1.1 nm). For
all these reasons the probability of Ce3+ emission in a
Ce3+-Tb3* phosphor is determined by the probability
that a Ce3+ jon will have no Tb3+ ion as its nearest
neighbour, and the probability of Tb3+ emission is
determined by the probability that a Ce3+ ion will have
at least one Tb3+ ion as its nearest neighbour. If the
amount of Tb3+ per formula unit is x, so that 1 — x is
the amount of Ce3+, then these two probabilities are
given by (I — x)® and 1 — (1 — x)8, since each Ce3+ ion
has six nearest-neighbour sites that may be occupied by
Ce or Tb. A plot of these probabilities as a function of
x also gives a picture of the quantum efficiencies of the
Ce and Tb emission of Ce;—;Tb;MgAl11019. Fig. 12
shows a plot calculated in this way of the quantum
efficiencies as a function of x; there is good agreement
with the experimental findings. Our experiments also
show that concentration quenching of the green
luminescence by energy transfer between the Tb3+ ions
alone is of no importance either. The drop in the
quantum efficiency of the Tb3+ emission at higher x
values is due to the limited solubility of Tb3+ in the
magnetoplumbite lattice.

The behaviour of the decay time © of the Ce3+ emis-
sion of Ce1-;Tb;MgAl11019 as a function of x is shown
in fig. 13. At first sight it seems strange that v remains
virtually constant whereas there is a marked decrease
in the quantum efficiency # of the Ce emission. The
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efficiency decreases because in addition to the radiative
decay of the excited state the competitive possibility
arises for non-radiative decay (energy transfer to
neighbouring Tb3t ions); as a consequence 7 is ex-
pected to become smaller{4l. The observed behaviour,
however, turns out to be completely in agreement with
the model used above to explain the concentration
dependence of the quantum efficiencies of the Ce3+
and Tb3+ emission [15), To make this clear, we divide
the Ce3+ ions into two groups; those with at least one
Tb3+ as nearest neighbour: 1Ce3+, and those without
Tb3+ as nearest neighbour: ICe3+, The IICe3* ions, as
we have seen, cannot transfer energy to Tb3+ ions, and
the only possibility is therefore radiative decay, giving
the ultraviolet Ce3+ luminescence. The decay time of
this luminescence is the same as if there were no Th3+
ions present at all. For the ICe3+ ions the probability
of energy transfer to neighbouring Tb3+ ions is very
much greater than the probability of radiative decay.
They therefore give hardly any Ce3+ luminescence and
consequently have no effect on the decay time of this
luminescence. Here again, the constancy of 7 reflects

. the fact that the energy transfer between Ce3+ and Tb3+

takes place only between nearest neighbours.

The combination Eu?t-Mn2+

It is also found that Mn2* ions, which can occupy an
Al3+ site in aluminate lattices, can act as activators.
From data in the literature it appears that an Mn2* ion
at a site tetrahedrally surrounded by oxygen gives a
green fluorescence band, and an Mn2* ion at a site
octahedrally surrounded by oxygen gives a red fluore-
scence band. This luminescence corresponds in both
cases to a transition between 3d levels; the difference
in wavelength is due to a difference in the strength of
the crystal field.

The transition between the 3d levels is forbidden by
the selection rules, just like the 4f —4f transition in the
case of Tb3+. This means that the absorption of excita-
tion energy is small and so also is the luminescence
intensity. The light output from the Mn2+ phosphors is
consequently capable of being improved considerably
by the incorporation of sensitizer ions. Both Eu2+ and
Ce3+ ions are suitable for this, because the lumines-
cence bands of these ions sufficiently overlap the
excitation band of the Mn2+ jon [16], The result of the

(111 y, L. Sommerdijk and J. M. P. J. Verstegen, J. Lumines-
cence 9, 415, 1974.

[12] See the article by Blasse and Bril 3], p. 327.

131 J. M. P. J. Verstegen, J. L. Sommerdijk and J. G. Verriet,
J. Luminescence 6, 425, 1973.

[14] See the article by Blasse and Bril [3], p. 325.

(18) J. L. Sommerdijk, J. A. W. van der Does de Bye and
P. H. J. M. Verberne, J. Luminescence 14, 91, 1976.

[18) A. L. N. Stevels and J. M. P. J. Verstegen, J. Luminescence .
14, 207, 1976.
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competition between the luminescence of Mn and that
of Eu or Ce again depends on the concentrations of the
two elements, the distances in the crystal lattice between
sensitizer and activator, the absorption and emission
spectra and the probabilities of the transitions involved
in the transfer. Fig. 14 shows something of the behav-
iour of Ba-Mg aluminate phosphors that contain a
combination of Eu2+ and Mn?* ions. These phosphors
exhibit the green emission of Mn2*. At increasing Mn
concentrations the intensity of this green emission
increases at the expense of the Eu2t emission.

In the S-aluminium-oxide structure of Ba-Mg alum-
inate the tetrahedrally surrounded sites for an Mn
ion — necessary for the green emission — are at a
distance of about 0.35 nm from the large-cation sites
(fig. 15). It appears that at this distance the probability
of energy transfer from Eu2+ to Mn2* is high and even
exceeds that of the radiative transition of Eu2+ itself.
In the magnetoplumbite structure tetrahedrally sur-
rounded sites for Mn2+ are located much farther away
from the large-cation sites, and in phosphors with this
structure there is consequently no green Mn?2+ emis-
sion. The sites that are octahedrally surrounded by
oxygen and are close to the large cation in the magneto-
plumbite structure are evidently not occupied by Mn

50%k
U] Mn
Bag gEUpMg;_ M, AlipOpy |
25}
Eu
% 02 04

—_— X

Fig. 14. Quantum efficiency 7 of the Mn2?* luminescence and the
Eu2* luminescence of Bag.9Eug.1Mg1-zMnzAl10017 as a function
of the Mn fraction x.

Fig. 15. The surroundings of a large cation in the upper plane of
a unit cell with the f-aluminium-oxide structure. In the immed-
jate neighbourhood there are two small-cation sites, which are
surrounded tetrahedrally (7) and octahedrally (O) by oxygen
atoms. These sites are occupied not only by A3+ but also by any
Mn2+ that may have been added. The green luminescence in-
dicates that the Mn2+ ions preferentially occupy the tetrahedrally
surrounded sites.

J. L. SOMMERDIJK and A. L. N. STEVELS
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ions, because the red emission characteristic of Mn
ions at sites of this kind is not observed either.

In lanthanum aluminates, even though the structure
closely resembles magnetoplumbite, green emission is
nevertheless observed from the Eu-Mn combination.
This effect seems to be related to the presence of oxygen
ions that occupy a small number of the large-cation
sites to compensate for the trivalence of lanthanum.
The result is a lattice deformation that leads to sites
tetrahedrally surrounded by oxygen in the immediate
neighbourhood of positions that can be occupied by
Eu?2+, Fig. 16 shows a possible configuration. It can be
seen that Mn2+ ions prefer to occupy such sites, which
are not found in the ordinary magnetoplumbite struc-
ture. The Eu-Mn distance in these cases is very small
(0.32 nm) and makes possible an energy transfer that
is even more efficient than in the -aluminium oxides.
The introduction of some lanthanum in aluminates
with nearly ideal magnetoplumbite structure again
creates tetrahedrally surrounded sites for Mn (due to
oxygen on large-cation sites). The combination La-Eu-
Mn, added to SrAl;20:9 for eXample, therefore results
in a green-emitting phosphor when the La and Mn
concentrations are sufficiently high.

In La aluminate there are only a limited number of
oxygen ions occupying a large-cation site. Conse-
quently, for Mn2+ ions there are relatively few sites
close enough to Eu2?t ions for green Mn2* lumines-
cence to be possible. As a result, above a particular
Mn concentration there is no further increase in the
green emission; however, as appears from curve a in
fig. 17 the red luminescence characteristic of Mn2+*ions
octrahedrally surrounded by oxygen does appear. This
band is also related to the occurrence of oxygen on
large-cation sites; details will not however be given
here. It is found that when the Mn concentration is
increased the red band increases in intensity and finally
predominates. It is interesting to note that, given suit-
able Eu and Mn concentrations, a phosphor can be
made in this way that emits bands of comparable
intensity in the blue (Eu2+), the green (Mn2+) and the
red (Mn2+). Curve b in fig. 17 shows the emission
spectrum of such a phosphor.

It is also possible to use Ce3* as a sensitizer for the
green Mn emission. In lattices with the f-aluminium-
oxide structure the behaviour of Ce3+ does not differ in
this respect from that of Eu2+. In lattices with the
magnetoplumbite structure it is an advantage that the
Ce3+ ions themselves provide for the appearance of the
oxygen ions at the large-cation sites, so that suitable
sites become available for the Mn2+ ions. The addition
of lanthanum, as with Eu?+, is not necessary here. The
properties of the Ce3+-Mn2+ phosphors do not differ
fundamentally from those of the Eu2+-Mn2?* phos-
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Fig. 16. Lefr: The surroundings of a small cation at a corner of
the unit cell of the magnetoplumbite structure. The small cation
is surrounded by five oxygen ions and three large cations. Right:
If an oxygen ion is substituted for one of the large cations,
deformation of the crystal lattice may occur, producing a site
tetrahedrally surrounded by oxygen ions.
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Fig. 17. Luminescence intensity @, as a function of the wave-
length A for lanthanum aluminate activated with Eu2+ and Mn2+,
The Mn2* concentration is raised to a level at which, in addition
to the green luminescence characteristic of Mn2* jons tetrahe-
drally surrounded by oxygen, red luminescence also occurs which
is characteristic of Mn2+ jons octahedrally surrounded by oxygen
(curve a). Given a suitable choice of Eu and Mn concentration, a
phosphor can be obtained which emits blue, green and red
luminescence bands, with the intensity of each nearly the same
(curve b).
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phors. Since the energy transfer between Ce3+ ions
alone is less efficient than that between Eu2+ ions, the
energy transfer in Ce3*-Mn2+ phosphors will in general
be less efficient than in the Eu2+-Mn?2+ phosphors.

The investigation into the luminescent properties of
Eu and Ce aluminate phosphors described above was
important in two respects. It provided a better under-
standing of the luminescent properties and of the
practical limits of technologically useful phosphors.
It also enabled us to study a number of systems that did
not promise the development of phosphors of high
efficiency, but which were found to be particularly
suitable for providing fundamental knowledge relating
to luminescence effects.

Summary. A number of phosphors that have been developed
for use in fluorescent lamps consist of aluminates, activated with
Eu2t or Ce3+, either alone or combined with Tb3+ or Mn2*, The
colour and efficiency of the luminescence of these phosphors is
dependent on the structure of the aluminate lattice. The crystal
field at the sites of the luminescing ions and also the interaction
between these ions and neighbouring oxygen ions are found to be
of importance; other important factors are the dimensions of the
other large cations and the difference in valency between the
luminescing ion and the ion that it replaces in the lattice. In Eu2+
phosphors the efficiency is very dependent on the activator con-
centration, but in Ce3+ phosphors there is very little such depend-
ence, because of the small energy transfer between the Ce3+ jions.
This also means that the Ce-Tb phosphors have to contain a
relatively large amount of Tb to give a strong green Tb lumines-
cence. The energy transfer in Eu-Mn phosphors is more com-
plicated ; these phosphors sometimes give red luminescence as well
as green.
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replace. This requirement rather contradicts the pre-
vious one. The strength of sintered hydroxylapatite, like
that of any other ceramic, decreases as the porosity in-
creases, and pores of the desired size will in general only
occur in very porous material.

Control of the porosity during the sintering of hy-
droxylapatite is therefore of the utmost importance if
the material is to be used as a'bone substitute. We have
developed a method that results in only two types of
pores, the desired ‘macropores’ and very small pores,
called ‘micropores’ 81, The total porosity is then not
unduly high, so that the material is reasonably strong.

In this method of preparation, hydroxylapatite
powder with a grain size of 1-2 pm is mixed with water,
and hydrogen peroxide is added to the resultant slurry.
The mixture is poured into a mould and heated slowly.
As the mixture heats up the hydrogen peroxide decom-
poses, and small oxygen bubbles, which will become
the macropores, are produced homogeneously distrib-
uted throughout the slurry. After the material has com-
pletely dried out, it is sintered at a temperature of
1100-1300 °C 41,

In a particular case the final material had a macro-
porosity of 20 vol. %; the pores were interconnected
and had a diameter of 150-250 wm. The microporosity
was relatively small — it is also 20 vol. % — with pore
diameters between 0.5 and 1.5 pm.

The microporosity can be controlled by varying the
conditions of the preparation process, e.g. the sintering
time and temperature. The hydrogen-peroxide content
of the slurry and the heating (drying) rate affect the
macroporosity. Fig. I shows the effect of two of these
quantities on the total porosity. Table I quotes figures
relating to the strength of sintered hydroxylapatite
prepared as described, compared with figures for hu-
man bone. The compressive strength of the sintered
hydroxylapatite is substantially better here than has
previously been reported in the literature. The values
we have measured correspond well to those for bone;
as can be seen from fig. 2, they depend strongly on the
porosity of the material. The impact strength and the
bending strength, which are not usually very high for
ceramic materials, are two or three times lower for the
sintered material than for bone. As fig. 3 shows for the
impact strength, these values are also highly dependent
on the porosity. The impact strength and bending
strength of bone are better because bone is a composite
of hydroxylapatite and collagen. Experiments are now
under way that are directed towards the improvement
of both the bending strength and the impact strength of
sintered material by impregnating it with a suitable
biodegradable plastic.

Investigations have been made to determine the
biological compatibility of our sintered hydroxyl-
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Table L. The strengths of sintered hydroxylapatite compared with
those of ordinary human bone. The widely different values given
for human bone relate to bone ranging from spongy to compact.
Differences in method of preparation account for the variation
in the figures for hydroxylapatite.

Hydroxylapatite | Human bone

30-170 MN/m?
0.29 Nm
35 MN/m?

Compressive strength 40-160 MN/m?
0.5 Nm

100 MN/m2

1

Impact strength

Bending strength

75%

1300 °C

25

00 1

1

2%
e C

Fjg. 1. Total porosity P, expressed in volume percentages, of

sintered hydroxylapatite as a function of the hydrogen-peroxide

concentration c in the slurry, for two sintering temperatures.

150 MN|m*
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0 ! 1
0 25 50

—= P
Fig. 2. The compressive strength ge,max of sintered hydroxyl-
apatite as a function of the porosity P.

75%

{11 S. N. Bhaskar, J. M. Brady, L. Getter, M. F. Grower and
-T. Driskell,"Oral Surg. 32, 336, 1971.
E. Karbe, K. Késter, H. Kramer, H. Heide, G. Kling and
R. K&nig, Langenbecks Arch. Chir. 338, 109, 1975, and 341,
77, 1976.
M. Jarcho, C. H. Bolen, M. B. Thomas, J. Bobick, J. F. Kay
and R. H. Doremus, J. Mat. Sci. 11, 2027, 1976.
21 J, J. Klawitter, Ph. D. thesis, Clemson University, Clemson
(South Carolina) 1970.
J. J. Klawitter and S. F. Hulbert, J. biomed. Mat. Res., Symp.
No. 2, Part 1, 161, 1971.
31 E. Ryshkewitch, J. Amer. Ceram. Soc. 36, 65, 1953.
41 J. G. J. Peelen, B. V. Rejda and K. de Groot, Ceramurgia Int.,
to be published shortly.
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Fig. 3. The impact strength s of sintered hydroxylapatite as a
function of the hydrogen-peroxide concentration c in the slurry
from which the material is prepared.

apatite (51, Small cylinders of the material were im-
planted in the tibia (the shinbone) of young rabbits;
one to six months after implantation the rabbits were
killed and the implants were removed together with the
surrounding bone tissue, fixed and processed into
histological specimens for microscopic examination.
One month after implantation the implant has become
surrounded by loose-meshed scar tissue, which has
already been replaced here and there by bone tissue. In
the later stages this tissue has disappeared and has been
completely replaced by bone tissue. In all cases it was
found that the implant was fully accepted by the body.
The bone tissue grows into the pores of the ceramic.
At the interface the implant is broken down and
osteoblasts form new bone. The title photograph is a

151 B. V. Rejda, thesis, Free University of Amsterdam 1977.
B. V. Rejda, J. G. J. Peelen and K. de Groot, J. Bioengng. 1,
93, 1977.
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photomicrograph of the situation after two months.
The original bone tissue is on the left; the new bone
tissue that has partially replaced the implant in the
meantime is in the middle of the picture. At the bound-
ary between those regions — which still shows the
implant surface clearly — there are no traces of con-
nective tissue. The light-coloured region on the right is
the remaining part of the implant. Pores in this region
have been enlarged; they now contain blood vessels
and cells that take part in the formation and break-
down of bone tissue. After six months the implanted
material has mostly disappeared and new bone has
taken its place.

We may therefore conclude that the sintered
hydroxylapatite is a highly successful biocompatible
implant material. Mechanically it is certainly suitable
for use at places where the stresses are mainly com-
pressive. We have in mind, for example, its use for
filling jaw cavities caused by the removal of growths, or
for filling jaw irregularities after dental extractions. In
both cases a reasonably well formed implant can be
made from specifications given by the surgeon (dimen-
sional deviations can be kept below five per cent).
During implantation the shape can be finished with a
conventional dental drill. There is every indication that
plastic-impregnated sintered hydroxylapatite, which
closely approximates to healthy bone in terms of bend-
ing strength, will be of increasing interest as a sub-
stitute for bone.

J. G.J. Peelen
B.V.Rejda
J.P. W. Vermeiden

’
Dr J. G. J. Peelen, formerly with Philips Research Laboratories,
Eindhoven, is now with the Philips Glass Division, Eindhoven.
Dr Ir B. V. Rejda and Dr J. P. W. Vermeiden are with the Dental
Subfaculty of the Free University of Amsterdam.
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Light-emitting diodes based on GaN

M. Boulou, M. Furtado and G. Jabob

Light-emitting diodes (LEDs) are frequently used today in solid-state light sources. The
basic material used in these consists of the III-V semiconductors GaAsP and GaP. The
colour of the light emitted from GaAsP and GaP is red, orange, yellow or green; blue
cannot be obtained. A blue luminescence can however be obtained from GaN, but until
recently this material seemed unsuitable for light sources, since a P-N junction cannot
be introduced into it. Nevertheless, investigators at LEP (Laboratoires d’Electronique et
de Physique Appliquée, Limeil-Brévannes) have demonstrated that GaN diodes made by
using a special method luminesce with a reasonable efficiency.

Introduction

Diodes based on single crystals of I1I-V semiconduc-
tors, such as GaAsP, GaP and also GaN, may emit
visible light with reasonable efficiency when an electric
current is passed through them [l Light-emitting
diodes (LEDs) based on GaAsP and GaP are now
widely used in applications such as pocket calculators,
watches and indicator lamps. The light from these
diodes is generated by the recombination of electrons
and holes, which are injected from the N and P layers
into the opposite layer by the application of an electric
field. The colour of the emitted light depends on the
composition of the N and P layers. For example red,
orange and yellow can be obtained with GaAsP and
GaP and green can be obtained from GaP. The photon
energy, however, can never be greater than the energy
difference between the conduction and valence bands
of the semiconductor. In GaAsP and GaP this band
gap is therefore too small to permit blue emission.

Unlike GaAsP and GaP, the semiconductor GaN
has a band gap sufficiently large for it to be used as a
blue-emitting light source; the band gap for this mat-
erial is 3.5 eV. With suitable dopants, any other desired
emission colour can be obtained from GaN in addition
to blue. Unfortunately, however, it has not yet been
possible to produce ordinary diodes consisting of N-
and P-type layers from GaN. This is because no one
has yet succeeded in making a P-type semiconductor
from GaN. Nevertheless, it has been found possible to
obtain electroluminescence by substituting a high-
resistance layer for the P layer [2). By making this high-

_resistance layer very thin and preparing it under care-

Ing. M. Bbulou, M. Furtado, M.Sc., and Ing. G. Jacob are with the
Laboratoires d’Electronique et de Physique Appliquée (LEP),
Limeil-Brévannes ( Val-de-Marne), France.

fully controlled conditions, we have been able to make
a number of GaN diodes that give blue, green or yellow
luminescence with reasonable efficiency.

In this article we shall look at the preparation and
doping of single-crystal GaN layers. Only Zn dopants -
will be discussed, since these give the best results and
have also been the most widely investigated. We shall
then touch briefly on the technology and characteristics
of the GaN diodes.

Preparation and doping of GaN layers

The preparation of GaN layers takes place from the
gas phase Bl. Hydrogen-chloride gas is passed over
liquid gallium metal at 850 °C, so that gaseous GaCl is
produced. This gas is brought into contact with am-

[11 This effect — known as electroluminescence — was first
investigated for SiC crystals by O. W. Lossew, Telegrafia i
Telefonia 18, 61, 1923. The P-N luminescence of gallium
phosphide is described in H. G. Grimmeiss and H. Koelmans,
Philips tech. Rev. 22, 360, 1960/61 and H. G. Grimmeiss,
W. Kischio and H. Scholz, Philips, tech. Rev. 26, 136, 1965.
More general information on light-emitting diodes can be
found in the book by C. H. Gooch, Injection electrolumines-
cent devices, Wiley, London 1973. There have also been two
review articles by R. N. Bhargava, one in Philips tech. Rev.
32, 261, 1971, and the other in IEEE Trans. ED-22, 691, 1975.
See also the book by J. I. Pankove (ed.), Electroluminescence,
Springer, Berlin 1977.
Although light sources based on GaN have no P layer, they
are referred to for convenience as diodes. They were first
reported by J. I. Pankove, e.g. in J. Luminescence 7, 114,
1973. His diodes worked only at a relatively high voltage
(> 10 V) and there was no clear relation between the prepara-
tion conditions and the emission colour.
81 The preparation method used was first described by H. P.
Maruska and J. J. Tietjen, Appl. Phys. Lett. 15, 327, 1969.
A detailed description of the preparation of GaN layers can
be found in a recent article by R. Madar, D. Michel, G. Jacob
and M. Boulou, J. Crystal Growth 40, 239, 1977.
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Fig. 4. Schematic diagram illustrating the generation of light in
GaN diodes. a) Energy-level diagram when no voltage is applied.
M metal contact. Ev and Eg valence and conduction bands of
GaN. Er Fermi level. Ezp zinc levels. b) Energy-level diagram
when a voltage is applied. When the electric field is strong enough,
electrons from the Zn levels enter the metal. The remaining holes
jump in the opposite direction from one Zn atom to another.
Electrons originating from the N layer recombine with these
holes, causing the emission of quanta of visible light.
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Fig. 5. Emission spectra of the electroluminescence (EL) of a
GaN diode compared with the emission spectra of the same diode
on excitation with electrons of different energy. When the energy
of the electrons is low (4 keV), it is mainly the 7 layer that is
excited. In this case the spectrum almost coincides with that of
the electroluminescence, corresponding to the model of fig. 4.
The maximum of each spectrum is set equal to 1.

electrons go from the N+ layer to the N layer and
thence to the zz layer. On the other side, electrons can
also flow from the 7 layer into the metal, provided the
external field is high enough. These electrons will
originate mainly from the Zn atoms, in the proximity of
the metal, whose energy levels lie in the forbidden
region. The removal of electrons from the Zn atoms
may be regarded as an injection of holes into these
atoms. The holes can then distribute themselves among
the various Zn atoms. Electrons expelled from the N

GaN LEDs.
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layer into the = layer will be able to recombine there
with the holes, resulting in the emission of visible light.
Because the migration of holes in the = layer requires
a high electric field, and because the external voltage
should not be too high, the s layer must be thin (fig. 3).
It can be shown that the light does indeed originate
from the 7 layer and not from the N layer by exciting
these layers separately. This can be done by bombard-
ing a diode with electrons. Incident electrons of high
energy penetrate so deep into the diode that they
mostly excite the N layer, whereas electrons of low
energy get no further than the x layer. If it is mainly
the N layer of a green electroluminescent diode that is
excited, the emitted light is not green, but blue ( fig. 5).
If, however, the & layer alone is excited, the emission
band corresponds almost exactly to that of the electro-
luminescence. If both are excited simultaneously, both
the blue and the green emission bands are observed.
Finally, we shall consider the most important char-
acteristics of the diode for our purposes, i.e. emission
colour and the external quantum efficiency defined as
the ratio of the number of photons emitted to the num-
ber of injected electrons. The emission colour is deter-
mined by the composition of the = layer, since the light
is generated in this layer. As we noted earlier the emis-

7 700 600 500 400 nm
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Fig. 6. Emission spectra of the electroluminescence of three dif-
ferent GaN diodes. The = layers of these diodes were prepared
with different GaCl partial pressures (pgac1). The maxima of the
spectra are again set equal to 1. The 7 layers were prepared with-
out additional HCI, the N layers with a surplus of HCl at 3000 Pa.
The partial pressure of Zn during the preparation of the N and n
layers was 100 Pa.

*

sion colour from such a high-resistivity layer depends
on the partial pressures of Zn, GaCl and additional
HCI during the preparation. The same dependence is
there foreobserved in the finished diodes ( fig. 6). When

141 The term 7 layer is used to indicate that this layer takes over
the role of the P layer in normal P-N junction diodes.

51 Further details, in particular of the electrical characteristics of
the diodes, are given in G. Jacob, R. Madar and J. Hallais,
Mat. Res. Bull. 11, 445, 1976, G. Jacob and D. Bois, Appl.
Phys. Lett. 30, 412, 1977, and G. Jacob, M. Boulou and
M. Furtado, J. Crystal Growth 42, 136, 1977.
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the 7 layer is prepared with a relatively low partial
pressure of GaCl, the diode gives a blue luminescence.
If the partial pressure of GaCl is higher, the lumines-
cence is green or yellow.

The external quantum efficiencies of the diodes emit-
ting green or yellow light are a little better than those of
GaAsP and GaP diodes: 103 to 10-2. However, these
GaN diodes require a relatively high operating voltage

Summary. GaN is a TH-V semiconductor with a band gap large
enough to give blue luminescence. Light-emitting diodes based
on GaN cannot, however, be produced in the same manner as
GaAsP and GaP diodes. This is because a P-type semiconductor,
and hence a P-N junction,. cannot be made from GaN. In the
GaN diodes described here the place of the P layer has been
taken by a very thin 7z layer, which is given a high resistivity by
suitable Zn doping. By means of an electric field, holes are injected
into this layer through a metal contact and electrons are injected

GaN LEDs

Philips tech. Rev. 37, No. 9/10

(5-20 V), which makes them less suitable for practical
applications. GaN diodes with blue emission can
operate at 3.5 V, which is an acceptably low voltage for
practical purposes. Unfortunately the efficiencies of
these diddes are relatively low (of the order of 10-4).
The efficiencies will have to be improved by at least
a factor of 10 if these devices are to be extensively
employed.

through a contact with a conducting GaN layer. Recombination
of these electrons and holes causes the emission of visible light.
The luminescence from the diodes is either blue, green or yellow,
depending on the preparation conditions. The diodes emitting
yellow and green have reasonably high external quantum effi-
ciencies (10-3-10-2) but they require an operating voltage of at
least 5 V. The diodes with blue emission operate at only 3.5V,
but their efficiencies (10-4) are not yet high enough for practical
applications.
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Real-time macro- and microthermography

C. Hily, J. J. Hunzinger, M. Jatteau and J. Ott

Although the basic principle of infrared thermography is the same as for infrared viewing,
the great difference is that it is a quantitative and much more rigorous technique. In
thermography the image produced must be an accurate reproduction of the local varia-
tions of the surface temperature, and the technical means must be available that will
permit an accurate analysis of the thermal effects observed. The description ‘real-time’
implies that changes in the temperature differences are observed immediately, e.g. on a
display screen. The thermographic equipment developed earlier at LEP (Laboratoires
d’Electronique et de Physique Appliqué), mainly for medical applications, had a minimum
focusing distance of about 1 m. Optical devices have now been added to this equipment to
bring it within the macro and micro ranges ( focusing distances of 150 mm and 12 mm).

In real-time thermography the desired result is a

visible image of the exact distribution of the surface
temperature of the object at any instant. Such an image
is produced by making use of the infrared radiation
emitted by each element of the surface. The method
requires a number of technical devices for analysing
the thermal effects observed. The problems encoun-
tered here are those inherent in the passive detection
of the weak infrared radiation emitted by the object,
and solutions for them have been found in infrared
thermography for medical applications [1-31. In macro-
and microthermography, where magnified images of
small to very small fields of view have to be produced,
similar problems are encountered, in addition to more
specific problems. Here again, the thermographic
equipment developed at LEP, used with an external
optical system for each of these focusing ranges, offers
the appropriate technical solutions.

The problems encountered

Very briefly, the operation of infrared thermography
is as follows. Some of the infrared radiation emitted
from the various surface elements of an object is cap-
tured by a detector used in conjunction with optical
systems and the resultant spatially varying signal is
then converted into visual information. This informa-

Ing. C. Hily, Ing. J. J. Hunzinger, Ing. M. Jatteau and Ing. J. Ott
are with Laboratoires d’Electronique et de Physique Appliquéde
(LEP), Limeil-Brévannes ( Val-de-Marne), France.

L

tion can be presented in various ways, depending on
the signal-processing method.

The detection of the small differences in the emitted
infrared radiation is far from simple [4). The ‘thermal’
contrasts corresponding to a deviation of 0.1 °C from
room temperature are extremely small, typically no
more than a few times 10-4. In addition, the relation
between the detected signal and the desired information
(e.g. the true temperature) is determined by many fac-
tors that are not known exactly, such as the directional
dependence of the emissivity and reflectivity, the radia-
tion characteristics of the environment, etc.

In addition to these difficulties there are certain
specific problems in both macro- and microthermo-
graphy, which arise because of the use of optical sys-
tems with a very wide aperture, the relatively large
field of view and the low value of the transfer function.
This means, for example, that owing to the relatively
long wavelength of the detected radiation (spectral
ranges of the order of 5 pm and 10 pum) the spatial
resolution is determined by the diameter of the diffrac-
tion ring (10 wm and 20 pm respectively). The thermal
resolution is closely related to the product of the picture
repetition rate and the number of picture elements that
can be discriminated (11, For example, with an object

[11 M. Jatteau, Acta Electronica 12, 21, 1969.

21 M. Jatteau, Philips tech. Rev. 30, 278, 1969.

(81 P. Wurtz, Acta Electronica 12, 339, 1969.

41 M. Jatteau, in: Thermography, Proc. Ist Eur. Congr., Am-
sterdam 1974, p. 9 (published by Karger, Basel 1975).
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Pulling large bismuth-silicon-oxide crystals

J. C. Brice, M.J. Hight, O.F. Hill and P. A. C. Whiffin

The use of acoustic waves on the surfaces of solids has made it possible to replace the
present bulky intermediate-frequency filter of a colour-television set by a device of about
the same size as a transistor. Such devices offer a considerable saving in space and mat-
erials and eliminate the need for i.f. alignment. They are also suitable for many other
application& in which exactly tailored passbands and phase responses are required. How-
ever, the devices are only economically viable if suitable crystals can be produced. This
article describes an investigation into the growth of crystals of a potentially suitable mat-
erial and illustrates the difficulties experienced in bringing anew material from the initial
research stage to a point at which industrial production can be contemplated.

Introduction

Crystals have always played a large part in science
and technology. Most of the basic knowledge of solid
materials is derived from investigations carried out on
crystalline samples. Practical applications of the use of
single crystals are gramophone styli, watch bearings
and electronic devices, such as transistors, integrated
circuits and quartz resonators.

Establishing the suitability of a crystal or class of
crystals for application in a device is a long and com-
plex process. It is necessary first to prove that useful
devices can be made. Then it must be shown that likely
variations in the growth process do not result in un-
acceptable changes in device properties. Thirdly, it has
to be proved that the crystals can be grown in such
quantities and sizes that economic device production is
possible. All of the first stage and most of the second
can be done with laboratory-scale crystals. However,
the next stage and establishing the economic viability
requires larger crystals to test both the device-produc-
tion methods and the crystal-growth procedures.

In this article we shall touch upon a number of prob-
lems encountered in the growth of such large crystals.
Examples include the problem of thermal strain — an
analysis of this enables us to predict certain growth
conditions that are independent of crystal size — and
hydrodynamic effects in the melt which depend on the
growth parameters. These effects are described on a
semi-quantitative basis for bismuth-silicon-oxide crys-
tals, but many of the results are found to be generally

J. C. Brice, Ph.D., M. J. Hight, B. A., O. F. Hill, M.R.1.C. and
P. A. C. Whiffin are with Philips Research Laboratories, Redhill,
Surrey, England.

applicable to other crystals. Our examination of the
economics of crystal growth show that, subject to
some limits, growing bigger crystals does reduce costs
in device production and that automation is very
desirable. As we shall show, the economic and techno-
logical aspects are interlinked.

Bismuth-silicon-oxide crystals

The interaction between electrical and mechanical
effects can be used to give components which transmit
signals at some frequencies and reject all others. These
components are usually based on a resonance effect;
devices using effects in the bulk of quartz crystals have
been known for many years (crystal oscillators). More
recently, it has been shown that waves on the surface
of crystals can be used in the same way with the
advantage that by a simple fabrication it is possible to
tailor the passband of frequencies to suit any applica-
tion [11,

The work to be described here was part of a project
to make such devices suitable for use in television
receivers, where one component about as large as a
transistor can replace a large array of inductors and
capacitors, giving a considerable saving of space, mat-
erials and time required for manufacture and alignment.
It appeared likely that crystals of bismuth oxide would
provide a material suitable for this purpose. A number
of crystals of the y-bismuth oxides were grown (2], and
it seemed from the measured properties and the relative
difficulty in growing the various crystals that Bi;2SiOsg
would be the best material. The correctness of this
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badly in the lattice, they are rejected by the growing
crystal (see Table I) and the crystals typically con-
tained from 2 to 10 ppm of impurities (measured
relative to the silicon content). ‘The results of the
analyses did not enable the impurity causing the
photochromism to be unambiguously identified, but
crystals containing significantly less than | ppm of
both iron and chromium always stayed yellow, while
crystals containing more than | ppm of either iron or
chromium always darkened.
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As we mentioned earlier, the lattice constant on the
facet is a little larger than in the crystal; see fig. 6.
This leads to mechanical strain around the facet. On
the (100) facets this distortion amounts to about a third
of the strain at which the crystal would break. Regions
of high dislocation density can therefore be seen out-
side the facet.

The strain due to the facet is a function of the ratio
of the facet area to the total cross-sectional area (1.
Since in general the facet regions are relatively small,

84 85 86% Bi,03
896°C|

—_—

894

892

890

!
12.0

115

!
13.0

—_— X

1
125 13.5

Fig. 5. Part of the phase diagram for the system Bi203-SiOg, as derived from existing data.
Lig composition of the melt. So/ composition of the crystal. This diagram applies to crystals
grown in air. For crystals grown in different atmospheres the curves are displaced to the left for
oxygen or to the right for argon with a trace of oxygen. The combinations 11, ¢1 and mz, c2
correspond to the extreme values for x in the crystal. In the neighbourhood of the points ¢1

and cg large variations of x in the melt only give small variations of x in the crystal.

The facets

The flat parts of the boundary surface where the
crystal growth occurs arise because the growth mech-

Table I. The ratio of the concentration in the crystal to the con-
centration in the melt of Bi12SiO2o for 24 impurities.

anisms on the curved and natural faces are different. B 0.2 Cu 0.2
The growth on the curved face is due to a random Na g-_ll én 0-;
deposition of molecules, while the growth on the 'SM 0.07 G: 8:3
natural faces requires the simultaneous deposition of a K 0.3 Br 0.5
Ca 0.2 Ag 0.02

number of molecules. Ti 0.3 In 0.2
The size of the facets increases as the growth face is Cr 0.8 Sn 0.2

de 1 d 1 ot I f . £ Mn 0.05 Te <1
made less curved. Increasing the rate of rotation o Fe 0.2 Ba 0.2
the seed crystal flattens the face and hence makes the Co 8% gg 0.03
facets larger; a similar effect can be produced by in- Ni ) : 04

creasing the rate of pull. The facetted area in our
crystals was typically 1 to 2% of the cross-section. At
the greatest rates for stable growth facets were prod-
uced that occupied more than 20% of the cross-
section.

the total strain of the crystal is negligible, but crystals
with large facets were usually more fragile. .

The larger lattice constant cannot be explained by
another composition for the facet material. Fig.7
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to the heat flow. Conversely, the given heat flow there-
" fore determines the maximum permissible value fmax
for the pulling rate. If this is exceeded, not all of the
latent heat can be conducted away via the crystal and
the temperature at the boundary rises; the contact
between crystal and melt then fails.

At the rate fmax we have for the production and
removal of heat

JfmazL = A(dT]dz)g = cAc(Tm — To)/ RV2.
The maximum pulling rate is therefore given by
fma.x = C(AC/L) (Tm— TO)/Rllz-

This rate is clearly proportional to R~1/2,

From (1) it would appear that the maximum pulling
rate could be increased by reducing the ambient tem-
perature To. However, we then encounter some of the
effects mentioned above that limit the pulling rate:
the chance of formation of inclusions in the crystal and
the absorption of impurities from the melt. We shall
now examine this more closely.

The transport of material from the melt to the
growth face is of course proportional to the growth
rate of the crystal. The melt contains impurities, and,
as mentioned previously, one of the main com-
ponents can be present in excess. Since these are not
absorbed by the crystal, a high concentration of these
substances will be present in the melt near the growth
face. These must mix with the melt again by diffusion.

(1)

1210.40 pm
~
" //
//
a i ~T

_ //
35
30 //

17 7.8 719 20 21

—_— X

Fig. 7. The variation of lattice constant a with the ratio of bismuth
to silicon (x). The solid curve applies to crystals grown in air.
The dashed curve is derived from our data for crystals grown in
oxygen. All data refer to material grown off the facets.

PULLING LARGE BSO CRYSTALS

255
-\
8mm/h\ : \ p
i \
fmax [ \ \
B N
5 ™
N
2
s 05 Zcm

05 1 2

—_—pR

Fig. 8. The maximum permissible growth rate fmax as a function
of crystal radius R. Line a is proportional to R~1/2 and represents
the condition for inclusion-free growth. Line b (proportional to
R-3/2) represents the condition in which the heat loss from the
solid must be deliberately limited to prevent cracking.

Since the diffusion rate — and hence the rate of
removal — is proportional to the growth rate, the con-
centration of impurities at the boundary will be propor-
tional to the growth rate. If this concentration excceds
a certain value there is the danger that these substances
will be absorbed in the crystal. This process therefore
sets a further limit to the growth rate.

For a crystal free from inclusions and-impurities, we
find a maximum permissible pulling rate that is pro-
portional to R~1/2, This is plotted in fig. § and is rep-

-resented by line a.

In crystals with a radius of more than about 1.5 cm
the third limitation has to be taken into account: the
danger of cracking due to mechanical stresses arising
from the temperature differences inside the crystal.

The strain & will be greatest at the outskirts of the
crystal (radius R). This strain is proportional to R, the
expansion coefficient « and the temperature dif-
ference Tm — To:

e o¢ & R(Tm — To). 0}

Since the lines of cleavage in a cracked BSO crystal lie
at 45° to the axis, see fig. 9, it can be shown that the
stresses along the axis are about the ‘same as those
around the circumference.

To prevent ¢ from becoming too large on increasing
R, Tm — To should be reduced in proportion to R.
Since Ty is fixed, this means that T must be increased.

[*] The analyses were performed by J. B. Clegg, who used solid-
source mass-spectroscopic methods with a detection limit of
much less than | ppm. While the absolute accuracy of the
method is uncertain without elaborate calibration, differences
of a factor of 1.5 or more are obvious. See for example
J. B. Clegg and E. J. Millett, Philips tech. Rev. 34, 344, 1974.

(51 D. C. Craig and N. C. Stephenson, Structural studies of some
body-centered cubic phases of mixed oxides involving Bi2O3:
the structures of BizsFeOas0 and BisgZnOgo, J. Solid State
Chem. 15, 1-8, 1975.
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As we saw above, a reduction in Ty — Ty requires a
proportionate reduction in the growth rate £, If ey, is the
maximum permissible value of e, then by combining
(1) and (2) we have an expression for the maximum
permissible pulling rate fmax:

€p
Jmax o€ — R™3/2,
. o

The maximum growth rate is thus no longer propor-
tional to R~1/2, as derived for smaller crystals, but to
R-3/2, This relation is shown as line b in fig. 8. This
line gives the relation between the radius of the crystal
and the maximum growth rate at which the crystal will
not crack. For BSO the lines a and b intersect at a
crystal radius of about 1.5 cm.

Cooling

After the crystal has been grown, it has to be cooled
to room temperature. If this is done too quickly, the
temperature gradients will become too large, and the
crystal may crack because of differences in expansion.
It is clear that the heat loss through the crystal to its
surroundings may be of about the same magnitude as
the heat loss during the pulling process. We saw that
the temperature difference between the hottest point
of the crystal and the ambient temperature, Ty — T,
must be approximately inversely proportional to the
radius R. The heat loss w per second and per cm of
height is given approximately by

w & 2aR(Tm — Ty).

Since Tm — Ty is proportional to 1/R, the heat loss
does not depend on the radius of the crystal.

The heat content of the crystal per cm of height is
7R 2cT, where c is the specific heat per unit volume and
T is the mean temperature. Since the heat loss is con-
stant, we should have:

dr I

iz 'Re

The proportionality constant y is determined by the
specific heat, the thermal conductivity A, the coef-
ficient of linear expansion «, and the maximum strain
before cracking. It is given by:

Ae

ac
Some of the properties of bismuth-silicon oxide are
summarized in Table II and fig. 10. From these it can
be shown that the greatest rate of cooling is equal to
74/R? °C/hour at the melting point and twice this
value at room temperature. For crystals of radius 2 cm
we find, in practice, a maximum rate of 20 °C per

J. C. BRICE eral.”
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Table II. Some properties of bismuth-silicon oxide.

Quantity Value
Density, solid 9.206 g/cm3 at 20 °C
liquid 7.63 g/fcm3 at 950 °C
Linear expansion coefficient 16X 10-8 °C-1

Volume expansion coefficient 7x10-5°C-1at 950 °C

Specific heat/unit volume,

solid (*] 2.7Jecm-3°C-1

liquid [*) 3.0Jcm-3°C—1
Thermal diffusivity See fig. 10
Thermal conductivity See fig. 10
Viscosity 22cPat 900 °C
Young's modulus 93 GNm~—2
Breaking strain 2%x10-4
Latent heat [*] 460J cm=3
Cooling constant (u/1) 0.4cm—1

[*] The value shown relates to Bi2Os; value for BSO is not known.

Fig. 9. Diagram of a cracked crystal. Cracks are usually formed
at 45° to the axis.
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Fig. 10. The variation of thermal diffusivity a with temperature.
(From data supplied by Dr T. M. Bruton, formerly with PRL.)
The line C applies to the crystal; line M to the melt. The thermal
conductivity can be found by multiplying « by the specific heat
per unit volume (see Table [1).
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hour — i.e. within 109 of the predicted value. Nearer
to room temperature 35-40 °C per hour is satisfactory,
as against a calculated value of about 50 °C per hour.
For smaller crystals (R = 1 cm) the rates are found to
be about four times higher. These various values
indicate that the treatment given above is satisfactory.
We have also found these theoretical predictions to be
valid for other crystals such as lithium niobate.
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rate, the effect could be catastrophic: a large change in
the interface shape occurred and the change in heat
flow cracked the crystal. Similar effects had been seen
in garnets and other investigators have reported the
same effect in other materials. An experimental and
theoretical investigation (7] showed that the observed
effect was the result of a change in the flow pattern from
that shown in fig. /12a ultimately to that shown in 12c.

Fig. 11. Swirl patterns observed on the surface of the melt. While these patterns are obvious
to a human observer, they are difficult to photograph because they precess and the available
viewing angles are not very suitable. (a) to (f) represent the views seen as the rotation rate

increases.

Hydrodynamic effects

In the investigation of the pulling of large BSO crys-
" tals it was found that the rate at which the crystal is
rotated is also associated with an upper limit. This is
related to the fact that the rotation of the crystal does
not always bring about a rotation of the complete melt,
which can therefore be inhomogeneous. We are not
referring -here to the well known growth striae [6] —
the strains associated with these are small — but to
effects that can have more serious consequences.

Our study of melt stirring started from the observa-
tion that in some instances dark swirl patterns were
observed on the melt surface ( fig. /7). If these patterns
appeared, e.g. due to a change in the crystal rotation

The transition regime 126 is difficult to represent
because the flow at any point varies with time. Tem-
perature measurements in the transition conditions
vary wildly. Fig. 13 shows the regions in which the
various flow regimes exist. In region a an axially sym-
metrical flow occurs. Region b corresponds to an asym-
metrical flow giving temperature variations with time
at a fixed point and in region ¢ the flow is again axially
symmetrical. Detailed study was only made of the
transition from a to b, so that only these measured

6} J. C. Brice, Controlling heat transport during crystal pulling,
Acta Electronica 16, 291-301, 1973.

[71 J, C. Brice and P. A. C, Whiffin, Changes in fluid flow during
Czochralski growth, J. Crystal Growth 38, 245-248, 1977
(No. 2).
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Device-production processes are most economic with
a fixed size of crystal. Exceeding the target radius R by
an amount AR wastes a fraction 2AR/R. Hence if an
error AR can arise, the target must be increased by this
amount with the associated wastage. In our case auto-
mation at least halved this wastage at R = 2cm.
Further reduction in costs would be expected if resist-
ance heating was used instead of radio-frequency heat-
ing. Finally, Table VI gives a few cest factors and shows
how they contribute to the costs per unit volume of
crystal pulled.
Table VI. The effect of the pulling rate f and the radius R of the

crystal on the cost per cm® of the crystal produced, for the five
most important factors.

Factor Cost inversely proportional to

Energy fR
Platinum crucible R
Manpower

manual process fR?2

automated process R2
Machine time

growth fR2

cooling 2
Materials No significant dependence [*1

{*] Decrease in the growth rate may allow less pure materials to
be used.

Appendix: Calculation of the temperature distribution in a crystal

Let us assume (see fig. 17) that a crystal C at the positionz = 0
is in contact with a melt at the temperature Tm. The diameter of
the crystal is 2R, the thermal conductivity is 4 and the heat
transferred from the surface of the cylinder to the surroundings
(shown here as a heat shield H) is equal to u(T — To), where u is
a constant determined by the method of cooling, the surface of
the crystal, etc., and Ty is the external temperature. If we also put
URIA =y, and if Jo(x) is the zero-order Bessel function of
argument x, then the temperature of the crystal at the position
r,z can be calculated [11):

0
Y
T(r,z) = To + 2 (Tm— To)”§o ‘;‘2—'_*_—’3"'2 X

, Jo (ﬂn’/R)

X ——s —
To (B exp (—fnz/R). (Al
The values of B are calculated as solutions of the equation
Bnd1(Br) = yJo(Bu), (A2)

where J1(f») is the first-order Bessel function of argument Bn.

For very small values of y, i.e. for very thin crystals of high
thermal conductivity, we only require the first term of this series.
Since fo is small we can replace the Bessel functions by the first
term of their power series. Equation (A2) then gives

$Bo® = y, sothat fo= (2p)1/2,
and equation (Al) is reduced to:

1— 3y (-/R)?
2 g—l {exp—(y)2z/R}.

T(r,z) ~ To + (Tm— To)

The gradient of the temperature at the growth face is therefore

given by:
dT) _ @2 1= 3y (/R)?
a—; 2=0 )

= (=TT — 0
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Since y is smalrl and equal to uR/4, a first approximation for the
temperature gradient is

'dT 2u\M2 |

In the case of BSO y is approximately equal to 0.4R. A more
accurate calculation [12), also valid for larger values of y, gives:

(d7/d2)zm0 = —1.3(Tm — To) (1e/A)0-474R-0.526,

The difference between the accurate and the approximate values
is therefore small.

If the temperature distribution is not uniform there will be
strain, since the different parts of the crystal do not have the
same expansion. The strain &, of a ring of radius r is given by (13]:

1 X 1/
g9 = “{fzf Trdr + r_2f Trdr— T}.
0 0
If the strain is calculated from the approximate temperature dis-

tribution, it is found that the highest permissible temperature
gradient at the boundary surface is given by:

dT dey [2\V2
(E)mux = R (_,l;) -1,

where ¢y, is the strain at which the crystal cracks. Since the strains

7
c
z p(T-T)
7.
H r H
M ; . LT,

Fig. 17. Calculation of the temperature distribution in a crystal.

Table AI. Calculated and measured values of the maximum per-
missible temperature gradient (d7/dz)max in the crystal for four
values of the crystal radius.

R (dT/dz)max (°C/cm)
(mm) measured calculated
4 180 279
6 100 145
10 50 61
19 20 18

[111 J, C. Brice, Analysis of the temperature distribution in pulled
crystals, J. Crystal Growth 2, 395-401, 1968.

(121 J. C. Brice and D. J. Kroon, to appear in J. Crystal Growth.

131 8. Timoshenko and J. N. Goodier, Theory of elasticity, 2nd
edn, McGraw-Hill, New York 1951. :
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in the axial and tangential directions are approximately equal
(see fig. 7), ev is approximately equal to 21/2¢g, :
A more accurate calculation can also be made here; it gives:

dT _87€b A\0:34
dz)max @ \n) RV

The maximum permissible growth rate is found by substituting
the expression just derived for (d7/dz)max in the relation

J) df)
Simux =T (_d-; max

Some calculated and measured values of the temperature gradient
are summarized in Table Al
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Summary. Crystals with the cubic y-bismuth-oxide structure,
such as bismuth-silicon oxide, can be used to make surface-wave
filters for TV and other applications. Large crystals of this mat-
erial weighing several kilograms and with diameters up to 50 mm
have been grown at PRL using a pulling technique. To avoid
cracking due to thermal strain the maximum permissible axial
thermal gradient has to be proportional to R—3/2, where R is the
crystal radius, whereas for inclusion-free growth the axial
thermal gradient has to be proportional to R~1/2. The eomposi-
tion of the crystals is found to be highly independent of the com-
position of the melt. Effective control of the rotation rate is very
important to avoid hydrodynamic instabilities. The long pulling
times necessary for the growth of large crystals and the repro-
ducibility required made an automated equipment desirable. This
system keeps the diameter constant to within 2% and the max-
imum difference from the desired value is 59%. Devices are
cheapest when made from large crystals.
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or cooperate with enterprises of the Philips group of companies, particularly by staff of

the following research laboratories:

Philips Research Laboratories, Eindhoven, The Netherlands
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Laboratoires d’Electronique et de Physique Appliquée, 3 avenue Descartes,
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Germany

Philips GmbH Forschungslaboratorium Hamburg, Vogt-K&lln-Strae 30,

2000 Hamburg 54, Germany

MBLE Laboratoire de Recherches, 2 avenue Van Becelaere, 1170 Brussels

(Boitsfort), Belgium

bumbxh‘ghu

Philips Laboratories, 345 Scarborough Road, Briarcliff Manor, N.Y. 10510,
U.S.A. (by contract with the North American Philips Corp.) N

Reprints of most of these publications will be available in the near future. Requests for
reprints should be addressed to the respective laboratories (see the code letter) or to Philips
Research Laboratories, Eindhoven, The Netherlands.
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LSI

In about 1960 there was good reason to say that there had been a revolution in elec-
tronics, for in less than ten years the transistor had virtually replaced the thermionic
valve in nearly all kinds of application. Today, however, we are in the midst of develop- ~
ments that are even more drastically changing the face of electronics — with no end in
sight. When transistor manufacturers changed from the alloy to the planar technology

- — based on photolithographic processes — it only depended on the nature of the photo-
masks whether a small, simple circuit was produced or a large, complicated circuit con-
sisting of hundreds of interconnected elements. Now it was possible in principle to make
larger and larger integrated circuits. In 15 years integrated-circuit technology has
advanced from SSI (small-scale integration; 10 gates per chip) via MSI (medium-scale
integration; 100 gates per chip) to LSI (large-scale integration; 1000 gates per chip),
and now we are on the threshold of the next great advance (VLSI, very-large-scale
integration; 10° gates per chip).

This evolution would not have been possible without detailed and extensive research
in the large industrial research laboratories, including those of Philips. Readers will
probably remember the contributions from Philips Research that have been described in
earlier volumes of this journal: the issue on MOS technology, and many articles such
as those on the LOCOS process, injection logic (I’L), and the *Opthycograph’.

While the full impact of this later and greater revolution in electronics has only
Dpenetrated to the user in recent years, the research is by no means at an end. It therefore
seemed appropriate to make LSI the subject of this special issue that completes our
volume for the year. We start with an introductory article that gives a general picture of
the evolution from the simple transistor to the LSI circuit and its repercussions on the
designing of electronic circuits. Other articles include contributions on the subject of
lithography — including the use of electron beams — and on the computer-aided design
of large-scale integrated circuits. Three of the articles deal with specific LSI applications:
an N-MOS circuit for telephony, an I’L circuit for data transmission, and an image
sensor based on the charge-transfer principle.

Anissue of this size cannot of course given anything like a full picture of Philips activ-
ities in the IC field — not even in research. The next volume will therefore contain a
Jew other instances of advances in IC technology or applications. For the present, we
will close by noting that developments in integrated circuits are now so rapid that those
who are in the front line of the research may regard certain approaches as already
out of date even before the work has left the IC development laboratory or has appeared
in print. :







Philips tech. Rev. 37, 267-277, 1977, No. 11/12

267

LSI — a revolution in electronics

H. Bosma and W. G. Gelling

If we take a look at the development that digital
integrated circuits have undergone in the last 15 years,
we find that the number of gates per chip has increased
from less than five to about 10 000, the number of
gates per mm? has increased from two to 300, the vD
product of the delay time = and the dissipation D in a
gate has decreased from 150 pJ to 0.2 pJ (one pJ is
10-12 joules) and the price per gate has fallen from
25 dollars to a tenth of a cent. '

This development, towards ever larger circuits and
increasing packing densities, has come about through
the work of three groups of engineers and scientists.
First there are the electronic engineers, who saw the
chance of a continued simplification of the elementary
circuits for the logic functions, so that these have
steadily diminished in size. At the same time they have
succeeded in keeping the steadily growing circuits
manageable and integrating them to a single and usu-
ally very complicated entity.

The second group is formed by the chemists, who
continuously study, improve and develop the many
processes in the long path from raw material to finished
IC. A special place between these two groups is perhaps
occupied by the device physicists, who seek for an
understanding of the fundamental background to the
operation of the separate elements such as diodes, bi-
polar transistors and MOS transistors. From the know-
ledge that they amass it is possible to find how best the
work should be directed to obtain a particular improve-
ment in performance, for example, and to establish
associated physical limits.

We will not consider the economic side of modern
IC technology here, with its many and often conflicting
aspects. In what follows we shall give a very general
picture first of the technological and then of the
electronic development. Finally, we shall devote some
attention to the development that has taken place in
electronic design. The increasing complexity of the cir-
cuits makes it increasingly difficult to design them con-
ventionally ‘by hand’ and to test them after manufac-
ture. The computer, in its present form itself a product
of IC technology, has become an indispensible tool
here.

Dr Ir H. Bosma and Drs W. G. Gelling are both Deputy Directors
of Philips Research Laboratories, Eindhoven.

The silicon starting material

It is now possible to make virtually perfect single
crystals of silicon — by pulling from the melt — with
a diameter of no less than 10 cm; in about 1960, at the
start of the silicon technology, the diameter was 2 cm.
The content of undesirable impurities in these crystals
is reduced to a value between 1 in 105 and 1 in 109,
depending on the kind of impurity. The ‘desirable’ im-
purity content — the doping — which determines the
electrical properties, is kept under accurate control.
There has also been continued improvement in the
methods of sawing the crystals into thin wafers and
polishing them. The wafers (sometimes called slices)
have a typical thickness of about 0.5 mm; see fig. 1.

In the meantime silicon crystals with a diameter of 15 cm have
been successfully pulled in the laboratory. Larger wafers can only
be processed in the factory after modification of the process
equipment and to some extent the actual processes. However, for
the development from LSI to VLSI a larger wafer diameter is not
as yet essential.

The application of epitaxial layers to the wafers has
also undergone a continuous process of development.
An epitaxial layer is a single-crystal silicon layer, ap-
plied from the gas phase, whose crystal lattice joins that
of the wafer substrate in a smooth uninterrupted tran-
sition, but the electrical properties differ from those of
be substrate because of different doping. Epitaxial
layers are necessary for almost all bipolar circuits; on
«ne other hand MOS circuits are almost always made
directly in the surface of a wafer of N-type or P-type
silicon. As transistors became smaller, it was also
necessary to make the epitaxial layer thinner. While IC
technology began with epitaxial layers 10 to 15 pm
thick, in some extreme cases now layers of only 1 pm
are found.

Physico-chemical processing

Oxidation

Integrated-circuit technology would have made far
less progress if the element silicon had not had such a
unique combination of properties. It is a semiconductor
with very good and easily regulated electrical properties;
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electric field to an energy of 20 to 200 keV. To prevent
other kinds of ions from reaching the wafer the ions are
sorted by mass in a magnetic field, in the same way as
in a mass spectrometer. The unwanted beams are inter-
cepted, while the beam consisting of the desired ions is
- transmitted and directed towards the surface of the
silicon wafer to be doped. Electronic control systems
are used which can ensure that the entire surface of the
wafer receives a uniform ‘sprinkling’ of ions, while the
amount of the dose can be accurately controlled (to a
few per cedt) down to the very low values (1012 ions
per cm, i.e. about 0.001 atomic layers).

Recent improvements in the reproducibility of the chemical
deposition of boron and phosphorus may once more enable this
method to compete with ion implantation for heavy doping.

In fact the ions are not just ‘sprinkled’ on the surface;
they penetrate a little way into it. This provides more
scope: the penetration depth can be varied and the ions
can be fired through a thin protective layer, e.g. of
SiOq. Parts of the wafer where no doping is required
are masked, e.g. with photoresist. Another advantage
of ion implantation is that it will give good results with
kinds of atoms that are difficult to deposit by chemical
methods, such as arsenic and antimony.

It was ion implantation that enabled the N-channel
MOS technology to be developed. The application of
very small but accurately controlled amounts of boron
and phosphorus or arsenic (1011-1013 atoms per cm?)
is essential here to prevent the formation of parasitic
channels underneath the conductors and to set the
threshold voltage of the transistors to the desired
values. At the same time the implantation method gives
the manufacturer a free choice for the concentration of
the boron doping in the silicon wafers, which should
ideally be low to keep down the parasitic capacitance
between the transistors and the substrate.

The ability to introduce arsenic atoms in an accur-
ately controlled way and in any desired quantity is also
very important for another reason. As transistors be-
come smaller, the diffusion depths must also be reduced.
For very shallow diffusions (0.2 to 0.4 p.m) phosphorus,
with its relatively high diffusion rate, cannot be relied
upon. Arsenic, which diffuses much more slowly than
phosphorus, is a very good replacement here.

The bombardment of the wafer by ions produces some damage
in the crystal lattice, but this can be corrected by a heat treatment.
The effects arising here have not as yet been explained. Further
studies are also necessary of the interaction between different
dopings introduced by ion implantation and of the effects that
arise for very heavy doping.
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Getters

As we mentioned above, all furnace operations must
be carried out with the greatest care to ensure the.ab-
sence of impurities. This is clearly no less true for the
cleaning of the silicon wafers before they are processed
at very high temperatures. In spite of every precaution
it is impossible to completely prevent contamination of
the silicon ; the starting material contains varying quan-
tities of unwanted atoms, and contamination during the
processing cannot be completely avoided. Typical con-
taminants here are small traces of various metals, such
as sodium, iron, copper and gold. These kinds of im-
purities give rise to higher leakage currents and also to
the formation of surface defects during the oxidation
of the surface of the wafer. These defects in their turn
also give rise to higher leakage and to short-circuits in
bipolar transistors with shallow diffusions, and hence
to rejects in production. Certain classes of MOS cir-
cuits in which very small charges have to be stored for
relatively long times in reverse-biased diodes, such as
dynamic memories, charge-transfer devices and light-
sensitive devices, are very sensitive to leakage current.
The achievement of a very low impurity level is an
absolute essential for the manufacture of these circuits.

Since in spite of all precautions contamination can-
not be completely prevented, methods have been de-
vised in which the undesirable atoms can be removed
from the silicon at a late stage in the manufacture.
These ‘clean-up’ treatments, some more effective than
others, have the common feature that crystal damage
is introduced intentionally, either mechanically or
chemically, at some unimportant part of the wafer,

-such as the back, where it does not matter. The im-

purity atoms associate themselves preferentially with
the crystal defects. If such a wafer with defects is then
heated to a temperature at which the impurities can
diffuse rapidly, the damaged layer acts as a collection
zone for undesirable atoms from the entire wafer.

By analogy with the gas getters used in vacuum work
the terms ‘gettering’ and ‘getter treatments’ are also
used here. The mechanism of the getter operation is
perhaps more complicated than has been suggested
above and is a subject of investigation, along with the
correct method of application in the various IC pro-
cesses. .

Gettering is obviously only effective for impurities
that diffuse rapidly. The undesirable metals mentioned
above come into this category. Impurities that only
diffuse with difficulty, such as oxygen and carbon, can-
not be gettered. Manufacturers of silicon wafers con-
tinue to devote much attention to this problem.

A treatment that is to some extent related is ‘hydro-
chloric-acid oxidation’. It has been found that the for-
mation of crystal defects directly beneath an SiOs layer
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during the oxidation can be very effectively suppressed
by carrying out the oxidation in an atmosphere of
oxygen to which about 1% of hydrogen-chloride gas
has been added. The mechanism of this reaction is not
as yet understood in all respects.

Lithography

In IC technology the term ‘lithography’ refers to the
collection of operations that are necessary in etching a
pattern of small apertures in the thin layers (oxides
~ metals, etc.) applied to the silicon wafers. The basic
stages in such a process are: exposure of a light-sensitive
coating (photoresist) on the wafer through a photo-
graphic negative (the mask), development of the photo-
resist, followed by the etching away of the exposed
parts of the layer underneath. These three operations
are performed seven times (or more) on a wafer before
it is ready.

The masks are obtained as follows. A photographic-
ally produced drawing of the mask for an IC, at ten
times full scale, the ‘reticle’, is projected many times
by a special camera in rows and columns on a photo-
graphic plate, so that practically all of the plate is
covered with the small patterns at the correct scale.
Contact copies are made from the master mask ob-
tained in this way, and the copies are used for exposing
the silicon wafers.

In the method that has usually been used so far the
mask is pressed against the wafer to give a sharp
shadow; see fig. 2. However, since mask and wafer
come into contact it is impossible to avoid damage to
the mask, and once such imperfections have been intro-
duced they are repeated on all the following wafers. In
practice this effect will strongly reduce the yield, par-
ticularly for very large circuits. Contact masks are
therefore discarded after they have been used six to ten
times. Since a single wafer is exposed seven times or
more — with different masks, of course — this means
that on average one new mask has to be used for each
wafer. '

In recent years a breakthrough has been made here,
for equipment has been developed that can project a
mask on to a wafer by means of a lens or concave mirror.
There is no contact between mask and wafer to cause
any damage, and the life of the mask is almost un-
limited. The masks used in this kind of method can be
much more expensive than the contact masks, and more
accurate but expensive techniques can be used in their
manufacture. It is worth while, for example, to produce
the masks directly, without the intermediate stage of a
reticle, by ‘writing’ them with an electron beam. The
beam is produced by extremely complex and very ac-
curate (to 0.1 um) electron-beam pattern generators [31.

H. BOSMA and W. G. GELLING
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These machines are computer-controlled from a mag-
netic tape carrying all the information about the geom-
etry of the circuit in digital form.

Operation with such an electron-beam pattern gen-
erator has various advantages. The time taken from
design to completed mask is shorter than with the op-
tical method. The details can also be smaller. The most
important advantage, however, is that the number of
errors per mask is smaller than with the optical method.
This is the feature that makes electron-beam masks and
the projection-exposure of silicon wafers a particularly
valuable combination for processing very large circuits.

The next phase, probably very close now, in IC
fabrication will be lithography in which a special
repeating projector (the ‘Silicon Repeater’) is used to
project repeated images of the reticle directly on to the
wafer, as described before for the manufacture of the
master mask [4]. This is a small step backward in speed,
but the great advantage of this method is that each suc-
cessive pattern can be very accurately aligned again
automatically on the previous circuit already present
on the wafer — a facility of crucial importance when
it becomes necessary to reduce the smallest details in
the circuit to about 2 pm.

Accurate positioning with good reproduction of the
smallest details can also be obtained by ‘writing’
directly on the wafer with an electron beam [3], which
is already done in the laboratory and on a very small
scale in production. ‘

The application of patterns to the photoresist coating
is of course only half the story, since it is still necessary
to apply the pattern to the layer underneath which
usually consists of SiOsg, silicon nitride, metal or poly-
crystalline silicon.

Until a few years ago all etching treatments were car-
ried out with liquid etchants, usually acids or acid mix-
tures. These ‘wet-chemical’ etc¢hants have disadvant-
ages that become more troublesome as the details to be
etched become smaller (the difficulties include erosion
of the photoresist, capillary penetration beneath the
resist and electrochemical effects).

In recent years a completely new etching technology
has been developed, plasma etching. In this method the
wafers — with photoresist pattern — are placed in a
special gas atmosphere in which an electrical discharge
is maintained. The discharge has the effect of converting
the gas molecules into very reactive particles, which
react with the surfaces to be etched 1. Organic fluorine
or chlorine compounds are usually used as etchant
gases, mixed with small amounts of other gases. The
etching reaction only goes quickly if the fluorides or
chlorides formed at the surface are volatile; so that they
disappear from the surface. This means that only mat-
erials that form volatile reaction products can be etched
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layout (geometrical data, digital)
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optical pattern generator
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pattern for a single IC (‘reticle’)

step-and-repeat camera
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(Silicon Repeater) machine

copying
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1:1 elektron-
image projector

1:1 optical
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Fig. 2. Diagram showing the various ‘lithographic’ methods now in use in the production of
integrated circuits. The vertical series in the second place from the left has been most generally
used until recently, and is still widely employed. On its left is the method in which the single
mask drawing (‘reticle’) is projected by a repeating projector (the ‘Silicon Repeater’) to give
many repeated images forming a matrix on the wafer. On the right: the three different ways
of working with an electron-beam pattern generator, either by writing directly on the wafer
or by using it to make a master mask that is projected on to the wafer by electron-beam or

optical methods.

in a plasma. Silicon, silicon nitride, some metals and to
a certain degree SiOj satisfy this condition. Plasma
etching is no universal panacea, but appreciably better
results than with wet etching have been obtained for a
number of materials.

In conclusion, we should just mention that the
reduction of the details to be reproduced, however im-
portant, is not sufficient for making ICs with higher
packing densities. The dimensions in the vertical direc-
tion — the thickness of metal and oxide layers and the

diffusion depths — also have to be reduced. From what
we have already said it will have become clear that the
solution of the associated technological problems is in
certain cases an equally difficult exercise.

[3] See for example the article by J. P. Beasley and D. G. Squire,
this issue, p. 334. .

4] See for example the article by A. G. Bouwer et al., this issue,
p. 330. ) o .

5] An article by H. Kalter and E. P. G. T. van de Ven on this
subject will appear in the next volume of Philips Technical
Review. .
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Metallization

The metal that is suitable for use as interconnection
between the various components of an IC must satisfy
a string of conflicting requirements. It must be a good
conductor, give good bonding, be corrosion-resistant
yet easy to etch and it must be easy to apply. It must
also give good contact with N-type and P-type silicon,
without entering into chemical combinations with it,
and it must be able to support high current densities.

The metal aluminium has been accepted as the best
compromise by practically all semiconductor manufac-
turers. The weaker points of aluminium are its limited
ability to resist corrosion and support high current
densities.

In modern integrated circuits the current densities
can be very high, because of the continued reduction in
dimensions. These high current densities have the effect
of displacing the aluminium atoms in the direction of

electron flow. This is called electromigration and can
" eventually give a complete break in the conductor. Pure
aluminium conductors will safely carry current densities
of 105 A/cm?, but above this value their life-time falls
rapidly. The occurrence of electromigration can be effec-
tively prevented by adding a few per cent of copper to
the aluminium, but this decreases the corrosion resist-
ance and the ease of manufacture.

After the aluminium pattern has been etched the
silicon wafers are heated to 450 to 550 °C to ensure
good contact between the silicon and the aluminium.
During this treatment a small amount of silicon from
the contact windows dissolves in the aluminium. This
effect may lead to short-circuits in the transistors, be-
cause so much silicon dissolves locally from the contact
openings that the aluminium penetrates to the silicon

on the other side of the P-N junction underneath the

contact opening. The remedy for this is to add about
1% of silicon to the aluminium, by applying both
materials at the same time. Again, this is an effective
measure, but it complicates the production process.
In spite of its weaker points, aluminium has so far
maintained its. position as an interconnection metal.
As the dimensions become smaller, however, it soon
becomes more and more difficult to work with alum-
inium. In the wet-chemical etching methods a relatively
large loss in the width of the conductor strips occurs as
a result of the metal being etched away laterally under
the edges of the photoresist, and in narrow strips this

can cause breaks. On the other hand aluminium cannot"

as yet be successfully etched in a plasma. For these
reasons it seems likely that in the future aluminium will
be superseded for VLSI applications by another metal,
which can be successfully etched in a plasma — e.g.
tungsten or molybdenum — but will still require extra
precautions to ensure a good contact between metal
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anq silicon. These metals, like many others, do not form
good-quality contacts with P-type and N-type silicon.
To overcome this difficulty it is necessary to first apply
thin layers of certain metal silicides, such as platinum
or cobalt silicide, in the contact windows. These com-
pounds are good conductors and guarantee a good
contact with both the silicon and the metal.

‘Metallization’, which formerly included little more
than a relatively simple evaporation and etching of
aluminium, is gradually becoming a complicated pro-
cess. This become even more apparent when we re-
member that in LSI circuits a single layer of intercon-
nections is hardly ever sufficient. It is usually necessary
to cover the first layer of metallization with a layer of
high-quality insulation, with contact windows, and to
add a second metallization on top of this. Here again
conflicting requirements have to be reconciled and good
combinations developed, with the ever-present bound-
ary conditions of high production yield and adequate
life in all kinds of operational conditions.

* %
*

To summarize, it is the careful control now applied
to the starting material, an ever-increasing refinement
and control of all the physico-chemical processing
stages, the introduction of ion implantation and cer-
tainly the immense development in lithography that
allow us to succeed in the industrial production of ever
larger and more complicated ICs, so that we have
gradually come to refer to ‘large-scale integration’ and
even °‘very-large-scale integration’. We should also
mention that there is increasing use of-computer con-
trol in the continuous optimization of all the conditions
in the complicated equipment necessary for making ICs
(see opposite page).

It is clear that the developments we have described in
the technology have had and still have a far reaching
influence on the layout and design of the electronic cir-
cuits.

The evolution of integrated circuits

We shall now indicate in general terms how the
nature and the design of the ‘monolithic’ circuits have
changed through the years. The circuits can be divided
into two -groups: analog circuits and digital circuits,
particularly the binary-digital or ‘logic’ circuits. It is
mainly the second group of circuits that have gained
considerable importance through IC technology, and
we shall therefore give most of our attention to them [61.

(8] A short discussion of various circuits and processes now in
use can be found in N. C. de Troye, Digital integrated cir-
cuits with low dissipation, Philips tech. Rev. 35, 212-220,
1975.
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Logic circuits )

The first integrated logic circuits (1962) were built up
from a limited number of bipolar transistors and resis-
tors, and contained no more than two to six logic gates
per chip. Since fast transistors could not be made at
that time the switching times 7 in this ‘transistor-
transistor logic’ (TTL) were rather high (40 ns), and
to reach this speed a relatively high power D was neces-
sary (10 mW). The D product for the first TTL circuits
was therefore 400 pJ.

In the next few years, with improvement and better
control of the technology, the delay time was reduced
to about 10 ns for the same power, so that the =D pro-
duct fell to about 100 pJ (‘standard TTL’).

TTL circuits are of the type known as saturated logic.
In this kind of logic the transistors are driven into
saturation, with the maximum current passing through
the collector-base junction — the junction is ‘complete-
ly open’ (bottoming) — and with the maximum space
charge stored in the base. Switching these currents on
and off and transporting these charges in the switching
process is expensive in terms of time and power, so that
it is difficult to make the zD product small.

With the introduction of Schottky diodes in 1968 it
became possible to curb these saturation states, by con-
necting these diodes in parallel with the collector-base
junction. The minimum delay time (10 ns) remained
unchanged, but the power required for switching could
be reduced to 2 mW (Low-Power Schottky TTL). The
=D product was thus reduced to 20 pJ. ,

In 1963 TTL was joined by ECL (Emitter-Coupled
Logic). This logic was of the unsaturated type, and
therefore in principle fast. From the start switching
times of 4 ns could be obtained, but at a switching
power of 35 mW. Improvements in technology enabled
the switching times to be reduced to a fraction of a
nanosecond, but still at the expense of relatively high
powers (up to 50 mW).

The total power dissipated on the chip increases, of
course, with the number of transistors in the circuit.
If the circuit is not to literally go up in smoke, the total
power must be kept below about 1 W. To enable a
large number of gates to be put on a single chip — for
a high ‘degree of integration’ — a low switching power
per gate is a first requirement.

For these reasons ECL is only suitable for SSI, or at
the very best, with careful attention to the removal of
the heat produced, for MSI. Low-Power Schottky TTL,
on the other hand, is very suitable for MSI.

The breakthrough to LSI for bipolar digital circuits
was only made after the invention of integrated in-
* jection logic (I2L) in 1972 (71, In I2L circuits the D
product is smaller than 1 pJ. The switching times are
still relatively high, up to 10 ns. The packing density
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of I2L is fairly high: up to about 200 gates per mm?2,
which is about 10 times the density with Low-Power
Schottky TTL. As an example, a processor in I2L on
a single chip, with a word length of 16 bits, has since
become available; the circuit contains 1800 gates.
As well as the bipolar logic circuits we have so far
been discussing, integrated MOS circuits have also been
available since 1967. P-MOS transistors (with P-type
channel) with aluminium gates were used at first. Al-
though the 7D product was rather high (up to 100 pJ)
and switching was somewhat slow (up to 100 ns), this
indicated an appreciable improvement over the bipolar
circuits then available for the same degree of integra-
tion. A further improvement was obtained here with the
introduction of a gate electrode of polycrystalline
silicon (1970), first in P-MOS and then in N-MOS cir-
cuits, and with greater packing densities resulting from
improved lithographic techniques. This brought the
=D product down to about 10 pJ and the switching
time to 10 ns. With the application of ‘dynamic’ switch-
ing techniques, of growing importance since 1968, the
D product for MOS LSI has since been reduced to
about 2.5 pJ. It was only with the invention of I2L that
bipolar techniques became comparable again with
MOS in the degree of integration that could be ob-

tained.
* *

*

In addition to the improvements in lithographic
technology, the more compact construction of the
elementary gate circuit and the elementary memory cell
have also contributed greatly to the attainment of a
higher packing density. It looks as though there are no
more spectacular improvements to be expected here,
however. Cells with one transistor per bit are now used
in memory circuits, while in injection logic (I2L) the
elementary gate and its supplies have been reduced to
two closely intertwined transistors.

Further improvement in packing density could be
obtained if it were possible to distinguish more than
two logic levels per elementary memory cell and
elementary gate circuit, and hence process more than
one bit at a time per elementary logic circuit. But this
means that the reproducibility of voltage and current
levels has to be exceptionally high — the very thing
that does not matter with two levels. As yet little is
known about the likely capabilities of such ‘multi-
valued logic’, but it is quite clear that improvements in
reproducibility could be of great significance for com-
pact construction.

[7) See for example C. M. Hart and A. Slob, Philips tech. Rev.
33, 76, 1973. An example of an I2L circuit is described in the
article by R. A. van Doorn and N. A. M. Verhoeckx, this
issue, p. 291.
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Analog circuits

The first analog IC to be applied was an amplifier for
a hearing aid; it consisted of three transistors and two
resistors. Since then a great variety of analog ICs have
appeared, for use in both professional equipment and
consumer products: nowadays there are analog circuits
for high and low voltages, high and low frequencies,
switching and amplification, and many other functions.

In analog circuits the increasing degree of integration
is not put to use to give ever more wide-ranging func-
tions, as in logic circuits. Instead, it is used to improve
the quality of the functions. Since the number of tran-
sistors that could be used in a circuit was no longer a
practical limitation, circuits of ever increasing refine-
ment could be constructed. A large number of analog
circuit modules are now available, including operational
amplifiers, multipliers and log converters, with excep-
tionally good drift and noise characteristics.

Even though the analog ICs have become larger and
more complex with the passage of time, they cannot yet
be considered as LSI. Nor can analog LSI circuits be
expected in the near future: unquantized signals cannot
easily be processed in large systems because the effects
of all the error sources are additive if there is no quan-
tization.

Analog ICs are almost all of the bipolar type, since
MOS circuits are more susceptible to drift and noise.

Analog-to-digital circuits

Even though completely analog LSI circuits are not
to be expected in the near future, increasing numbers
of LSI circuits have recently appeared that contain
adjacent analog and digital sections. In particular, the
knowledge and understanding that is now available in
information theory and signal processing has shown
how ‘analog’ functions such as filtering and modulation
can be performed digitally, and how analog signals can
be put into digital codé. This knowledge can also be
applied in practice, where appropriate, by using inte-
grated circuits. If discrete circuit elements had to be
used to obtain this digital execution of ‘analog’ func-
tions, digitization would be a clumsy and expensive ap-
proach. However, now that large digital circuits can be
made, the disadvantages do not usually outweigh the
advantages any more. The advantages include greater
freedom in design, a programmable and versatile
system construction, the virtual absence of difficuit
tuning and matching procedures and a lower sensitiv-
ity to drift effects. The designer can decide for each case
whether it is better to use the analog or the digital
version of a function.

Another important intermediate stage between the
analog and the digital signal processing is provided by
the CTD circuits (CTD = charge-transfer device).
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Samples of the signals are taken in these circﬁits, but
the samples are not quantized.

An important advantage of binary-digital circuits is that it is
only necessary to distinguish between two levels when processing
binary signals. It is therefore unnecessary to preserve the correct
amplitude and shape of the signal throughout, which would
require accurately linear amplifiers, equalizers and so on; suffi-
cient correction can be obtained from ‘simple’ level correctors.
In effect, this is the old principle of the telegraph relay as a signal
amplifier.

The ability to include an extensive and complex in-
formation-processing capacity in an integrated digital
circuit, together with the fact that information-bearing
signals are often of analog type in the ‘outside world’,
is a great incentive towards the combination of analog
and digital functions on a single chip. A great deal of
attention is therefore given to the conversion of analog
signals into digital and vice versa, which is essential
here.

It will consequently come as no surprise that con-
siderable attention has recently been given to problems
associated with making analog MOS circuits. For the
present it appears that I2L is the most suitable for
combined circuits.

Designing electronic circuits

The rise of the integrated circuit has affected the
activities of the electronics designer in many ways.
Whereas previously the designer built up an electronic
circuit from separate components such as resistors,
inductors, capacitors and active elements such as
diodes and transistors, he now has to think more in
terms of gates, memory cells, shift registers, accumula-
tors and operational amplifiers. There have also been
great changes in the design limitations and criteria.
While the single component used to be expensive and
the connecting wire cheap, there is now no real problem
in adding a few more transistors but it is necessary to be
economical with the interconnections. Whereas the de-
signer formerly had to be able to design networks, he
now has to master switching techniques and Boolean
algebra. At the same time he must now have a wider
knowledge of the manufacturing processes and the rules
that they impose than when the components were avail-
able ready-made.

Now that a single chip can carry more functions,
which in turn can be more extensive, it is becoming
harder to distinguish between the equipment (or system)
designer and the component designer. The components
are taking on the character of a system and the system
is strongly and directly influenced by the technology.
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It remains as yet to be seen whether designing and
making an integrated circuit will broaden the field of
the component maker or involve the system builder
more deeply in technology. It is clear, however, that
tasks that used to be separate no longer remain so.

As the circuits become larger, it becomes more
difficult and takes more time to ensure that they remain
manageable and do not get out of hand. Much closer
inspection of tolerances, interconnections and many
other details will be necessary. In addition, the calcula-
tion of the circuit and the simulation of the function is
becoming an ever more laborious task. Testing the
finished product to ensure that it functions correctly is
an exercise that begins to approach the limits of human
ingenuity. In all these activities the computer is in-

18] An example of computer-aided testing is given in W. G. J.
Kreuwels, Philips tech. Rev. 35, 261, 1975. The computer-
aided design of ICs is discussed in the article by C. Niessen,
this issue, p. 278.
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creasingly used as an aid. Much time and thought are
being given to the design of computer programs that
can execute many of these tasks more or less automatic-
ally [8], The electronic engineer now finds the computer
a tool as indispensable as he once found the soldering

iron.
% *

*

And now we have come full circle. For the computer
is also an indispensable aid in the supervision and con-
trol of the technical and chemical processes discussed
at the beginning of the article and in the lithographic
techniques — the same computer that brought about
the growth in importance of the integrated circuit and
which could not have reached its present state of de-
velopment without the integrated circuit. We are now
at the beginning of an era in which the significance of
the integrated circuit will be far greater than that of a
component for computers.

Some abbreviations and acronyms relating to IC technology.

Complementary Metal-Oxide-Silicon

Field-Programmable Logic Array

Locally Oxidized Complementary Metal-Oxide-Silicon

MOS circuit with N-type FET channels
MOS circuit with P-type FET channels
Programmable Read-Only Memory

ADC Analog/Digital Converter
CML Current-Mode Logic
C-MOS, CMOS

DAC Digital/Analog Converter
DIL, DIP” Dual-In-Line (Package)
DTL Diode-Transistor Logic
ECL Emitter-Coupled Logic
FET Field-Effect Transistor
FPLA

IC Integrated Circuit

I2L Integrated Injection Logic
LOCMOS

LOCOS Local Oxidation of Silicon
LSI Large-Scale Integration
MOS Metal-Oxide-Semiconductor
MSI Medium-Scale Integration
MTL Merged-Transistor Logic
N-MOS, NMOS

P-MOS, PMOS

PROM

RAM Random-Access Memory
ROM Read-Only Memory

SSI Small-Scale Integration
TTL Transistor-Transistor Logic
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Computer-aided design of LSI circuits

C. Niessen

Introduction

In the design of LSI circuits the computer is an indis-
pensable aid; the calculation of such a design in the
conventional way ‘by hand’ would be a practical im-
possibility. For some stages of the design process special
computer programs have been developed that drastic-
ally reduce the amount of work involved and minimize
the chance of errors. The essential feature here is that
the computer does not take over from the designer, but
becomes a partner — hence the name ‘computer-aided
design’ (CAD). In this article we shall look at a number
of such programs that have been developed at Philips;
since LSI techniques are mainly used for digital cir-
cuits, the emphasis here will be on the computer-aided
design of digital LSI circuits.

There are several stages in the process of developing
an LSI circuit ( fig. ). First, starting from a specifica-
tion of the function which the circuit is required to ful-
fil, a circuit design is made. This is followed by a veri-
fication procedure to determine whether the circuit
does in fact represent the desired function; any cor-
rections required can be made at this stage. Next, a test
procedure is devised that can be used after manufacture
to make sure that the end-product is functioning prop-
erly. This is done at such an early stage because there
is no certainty that all the possible faults can be found
by testing. If the test procedure reveals that the circuit
cannot be fully tested, the design must again be mod-
ified, and this of course has to be followed by a further
function-verification procedure. Once a design has been
produced in this way that meets all the specifications,

the layout of the circuit is drawn and the photomasks

for the manufacture of the IC can be made. The next
stage is the actual production of the IC. Finally, the
circuits from the production line are put through the
test procedure. The stages of the development process
for which CAD programs are now available include de-
sign verification, test preparation, layout making and
mask making.

Review of CAD

During the design verification the operation of the
circuit is simulated by computer. Two distinct proce-
dures, for which various programs are available, can be

Ir C. Niessen is with Philips Research Laboratories, Eindhoven.

used here: these are circuit analysis and logic simulation.
In circuit analysis the ‘analog behaviour® of the circuit
is investigated ; the principal currents and voltages are
treated as continuous variables and their waveforms are
calculated. The application of circuit analysis is con-
fined to circuits containing no more than a few hundred
components. For larger circuits the memory capacity
and computer time required for these calculations
would be far too large, and the designer would also
find it hard to retain a general picture of the design
because of the many details.

Larger circuits can only be calculated by splitting
them into subcircuits. To do this two conditions have
to be met: it must be possible to calculate the subcir-
cuits without any knowledge of the total system, and it
must be possible to join the subcircuits together with-
out detailed knowledge about each of them. These

function
specification

— | ——

circuit
design

Icorrections |

design
verification

| corrections |

L

test
preparation

I

design of
layout and masks

|

production:
— make masks
— manufacture

CAD area

Fig. 1. Diagram of the various stages in the design and manu-
Facture of an LSI circuit. Computer programs are available that
the designer can use to verify his design, to prepare tests and to
design the layout of the masks for the manufacture of the IC.
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Fig. 2. NAND gate in ‘Transistor-Transistor Logic’ (TTL). This
circuit is designed with the aid of a CAD circuit-analysis program
such that the voltage at the output Z is less than 0.4 V if the
voltage at the two inputs 4 and B is greater than 2 V, while the
output voltage is greater than 2.4 V if one of the two inputs has
a voltage lower than 0.8 V. If a voltage between 0 V and 0.8 V
is taken to correspond to the logic ‘0’ and a voltage greater than
2.0 V to the logic ‘1’, then this circuit is described by the adjacent
truth table. The circuit analysis also gives the constraints under
which the voltages remain within these limits. When the gate is
included in a logic network, for instance, a limit must be imposed
on the number of inputs that can be connected to the output (the
‘fan-out’). In building a logic network another important con-
sideration is the propagation delay, i.e. the time elapsing before
the output voltage responds to a change at the input.

| —
o 2 ¢ 2
1 a 1 c
A B C|Z A B C|Z
1710 0 0|1 1710 0 0|1
2|10 0 1|1 2{0 0 1|1
3|10 1 0|1 310 1 0|1
410 1 1|1 410 1 1|1
5117 0 0fo0 5117 0 0]0
61 0 110 6117 0 1|0
711 1 0|0 7117 1 0|0
gl17 1 111 gl17 1 110 .
b d

Fig. 3. Illustrating the derivation of test patterns. The logic cir-
cuit (a), composed of NAND gates of the type in fig. 2, has eight
possible states, which are given in the truth table (b). It is now
assumed that the output of gate [ is defective in such a way that
this output always gives a ‘1> (c) irrespective of the state of in-
puts B and C. In this situation the truth table has the form of (d).
Comparison of the two tables shows that the fault at the output
is only detectable in state &8, that is when 4, B and C have the
value ‘1. This is because there are two conditions to be satisfied.
Firstly, the required state at the location of the fault must differ
from the faulty state. This situation is found when B = ‘1’ and
C = ‘I, in which case the output of gate 7 should then be ‘0.
Secondly, this fault must be observable at the output and this
only happens in state 8. It is true that in state 4 both B and C
are equal to ‘I’, but since 4 has the value °0’, the value of Z is
always ‘I°, irrespective of the state of gate I. The fault thus
comes to a dead end at gate 2. The combination (1,1,1) is the
only test pattern for the fault described here.

requirements are fully satisfied by digital circuits, com-
posed of the basic AND, OR, NAND and NOR logic
circuits. With circuits of this type it is therefore pos-
sible to calculate designs containing many thousands of
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components; the procedure used for doing this is called
logic simulation. Large analog circuits can sometimes be
divided into a number of analog subcircuits, but usually
an analog-to-digital conversion is the only possibility of
making the circuit calculations. This is why systems of
an essentially analog nature are increasingly dependent
on the use of digital techniques. In this article we shall
therefore be concerned with digital circuits only.

In logic simulation the truth table or Boolean equa-
tion is checked to verify whether the circuit will per-
form the appropriate logic function in practical con-
ditions. A circuit analysis must be carried out before-
hand to check the analog behaviour of the basic cir-
cuits, so that it is known under what conditions these
modules will continue to function as digital circuits; see
fig. 2 and caption. If these requirements are taken into
account in the design procedure, the circuit as a whole
need only be verified with the aid of logic simulation;
no further analysis at the level of currents and voltages
will then be necessary.

Testing an integrated circuit is much more difficult
than testing a circuit composed of discrete components.
The discrete components have alfeady been tested, of
course, and there are also many internal measuring
points available for testing the circuit. In testing an
integrated circuit, on the other hand, it has to be as-
sumed that any component may be faulty; the faults
that may occur during manufacture, for example due
to mask damage, are completely unpredictable. More-
over, internal points in an IC are not accessible, so that
faults can only be detected through the signals that
appear at the circuit outputs. In designing a test for
an integrated circuit it is therefore necessary to ensure
that a combination of input voltages can be found such
that any fault will introduce a change in state that can
be observed at the output ( fig. 3). If it is not found pos-
sible to arrive at a set of test patterns capable of de-
tecting an acceptable percentage of the possible faults,
the only alternative is to change the design. Since it is
difficult for a designer to think up such tests and almost
impossible for him to assess their quality, various pro-
grams have been developed to simplify matters for
him 11,

The next step in the development of an IC is to con-
vert the circuit diagram into a drawing of the various
components in a plane, showing the appropriate elec-
trical interconnections. This /ayour is then used for
making the masks that will be used in the production
of the IC. There is no universal program available
for designing a layout. However, a layout made by
the designer can be described in a computer language;
the designer can then use CAD programs to supply

[11 See for example W. G. J. Kreuwels, Structural testing of '
digital circuits, Philips tech. Rev. 35, 261-270, 1975.
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verification drawings for checking whether certain
general design rules have been properly observed (2.
After these checks have satisfied the designer that the
layout is good and that the description in the computer
language is correct, the computer can then supply a
punched tape for drawing the photomasks on a
numerically controlled drawing machine [3l. The
punched tape can also be directly used for controlling
an optical pattern generator, such as the ‘Opthyco-
graph’ 141,

The CAD facilities so far mentioned may be de-
scribed as passive: the designer makes a design, the com-
puter verifies it and finds out whether the circuit can be
tested ; the designer makes a layout, the computer makes
the necessary checks and produces the control tapes. If
the creative steps in the design process are also to be
automated, it will be necessary to make programs that
will enable the computer to rival the designer’s know-
ledge, inventiveness and repertoire of alternatives. This
does not seem to be a practical possibility for the
electrical and logic design, but the layout design is
something that can be entrusted to the computer.

The programs that have been developed for layout
design result in a layout that has a more regular struc-
ture than a conventionally produced one, and hence a
lower packing density for the components on the chip
(the ‘layout efficiency’). Whereas optimum layout
efficiency was a necessary condition for achieving an
acceptable yield in the early days of integrated circuits,
nowadays the technological advances made (smaller
components, larger chips) allow efficiency to be traded
for faster and cheaper layout design. This is particularly
important for small production runs, where the pro-

duction costs are low compared with the design costs.
With circuits for mass production, the production costs
will be the main consideration, and it will be worth
going to the expense of additional development work
to reduce the prodilction costs. The layout will then be
conventionally designed. An intermediate form, where
the layout is partly made by computer and partly by
conventional methods, is also occasionally used.

The CAD programs mentioned above, each with
their own input language, each deal with an individual
aspect of the complete LSI design. A consequence of
this is that a designer has to make different design de-
scriptions for one particular problem, e.g. one for the
logic simulation and another for the layout. This de-
mands a great deal of work from the designer and also
increases the risk of errors in the descriptions. In some
cases, for example for LOCMOS 5] and I2L (€], it has
therefore been useful to develop programs for linking
the various design phases. If these programs are unified
(‘integrated’) in such a way that they are all based on
the same circuit description (the ‘source information’)
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Fig. 4. Ebers-Moll model for an N-P-N transistor in the common-
base configuration. The current generators represent the gain
behaviour of the transistor; an and ay are the current-gain factors
in the forward and reverse directions. The diodes D¢ and DE )
represent the conduction effect of the two P-N junctions. R is
the base resistance. Since this model is composed cf ideal ele-
ments, it can readily be described in a code suitable .or input to
a computer. Such models are used in describing an LSI circuit
design for verification by a circuit-analysis program.
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Fig. 5. Diagram of an amplifier stage whose input and output
will be shown, by way of example, in the analysis of a pulse
response by the PHILPAC circuit-analysis program. The num-
bers allocated to the nodes of the network are used in the circuit
description that serves as the input.

TITLE:SINGLE STAGE AMPLIFIERS

CIRCUITS

R1(1,0) 108 R2(2,0) 3K9$_ R3(5,2) 18KS

RU(6,0) 1.8X$ RS(S,3) I0KS R6(4,0) 10KS .
c1(1,2) .1US C2(3,4) ,1U3 C3(6,0) .iMLS
E1(5,0) 125 :
TNL(3,2,6)'8C108-1X"$
Jl(o.l)sivso(o. =,5ML,0;TU,36U,7U)S
_Enos R .

Fig. 6. Circuit description in PHILPAC code relating to the cir-
cuit of fig. 5. Each component is indicated by an instruction con-
sisting of the name and number of the component, the nodes to
which it is connected_ and its value. For the transistor TN1 and
the current generator J1 a coded entry refers to a model or a
standard function stored in the PHILPAC library.
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Fig. 7. Computer instruction in PHILPAC code for a transient
analysis of the circuit in fig. 5. The calculation time is stated, and
graphs of the input and output voltage are requested.
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and always refer back to the result of'a previous cal-
culation, we have a CAD system.

A number of programs developed at Philips for the
various design stages will now be discussed. The pro-
gram functions will be described and where possible
explained with the aid of examples, without going into
many of the details required for computer processing.
At the end of the article two integrated CAD systems
will be described.

Circuit analysis

To calculate the analog behaviour of a circuit, the
computer must be supplied with the circuit diagram
and at the same time given an instruction describing
the nature of the investigation to be carried out, e.g.
the determination of the frequency response of an am-
plifier. Generating a diagram in computer language
presents no problems with the interconnections between
the components, but the components themselves can-
not usually be described by a few simple mathematical
equations, because of effects such as parasitic capac-
itances and leakages. In the documentation of a transis-
tor, for example, this problem is solved by using graphs
from which the principal data can be read, but descrip-
tions of this type are quite unsuitable for a computer.
For the input of the components ‘models’ are therefore
used that simulate the behaviour of the components as
closely as possible. The model is usually a network con-
taining a few simple elements such as ideal resistances,
capacitances and inductances. As an example fig. 4
shows an Ebers-Moll model of an N-P-N transistor;
more extensive versions of this maqdel, including cut-off
frequencies, are widely used in circuit-analysis pro-
grams.

A circuit-analysis program takes the input informa-
tion and uses it to enter into the computer memory a
set of equations that are an equivalent of the circuit.
The calculations required are then made from these
equations. For example, it is possible to calculate the
voltages at the various nodes of the circuit when the
supply voltage has been applied. The response to input
signals of various kinds can also be calculated, and the
voltage waveform can be displayed on a cathode-ray
tube screen or an x-y plotter, or printed out on a line
printer. The circuit-analysis procedure can also include
- simulated experiments that would be difficult if not im-
possible to carry out on the actual circuit; for instance,
the gain of a transistor can be varied so as to find its
optimum value.

A circuit-analysis program widely used at Philips is
PHILPAC (PHILips Package for Analysis of Circuits).
This can be used for analyses of various types on both
bipolar and MOS circuits. The principal analyses relate
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to d.c. and a.c. behaviour and to transient effects, such
as switching transients and pulse responses. It is also
possible to carry out various statistical calculations
with this program. In the development of PHILPAC
much attention was paid to the convenience of the user.
The descriptive language for the circuits is simple and
its terminology is closely related to that used by the
designer. For instance, the value of a resistance of
2700 ohms is fed in as 2K7. Along with the basic
elements such as resistances, voltage and current gener-
ators, etc., the program has an extensive ‘library’ with
models of commonly used transistors and diodes. The .
designer can also define his own models if he wishes.

As an example the input and output will be shown
fora PHILPAC transient analysis of the amplifier stage
of fig. 5. To describe the circuit it is first of all necessary
to number the nodes of the network. Fig. 6 shows the
network description in the PHILPAC coding. For
every element of the circuit this contains an instruction
consisting of a code for the kind of element, its name,
a list of the nodes to which it is connected and the value
of the element. Thus, the instruction ‘R2 (2,0) 3K9’
means: ‘a resistance with the name Rs, connected be-
tween the nodes 2 and 0, and with a value of 3900 ohms’
(each instruction ends with the symbol $). The code
‘BC 108-1X’ as the “value’ of the transistor TN: in
fig. 6 is a reference to the model of this transistor in
the PHILPAC library. The last instruction in fig. 6
defines the current generator Ji ; the code ‘SINSQ’ here
refers to a standard function from the PHILPAC
library, a pulse train whose repetition frequency, am-
plitude, rise time, length and decay time must be speci-
fied in the instruction (in fig. 6 it relates to a current
pulse with an amplitude of 0.1 milliamperes and a total
duration of 7 + 36 + 7 us).

In addition to the network description a calculation
instruction must also be fed in; fig. 7 shows this in-
struction for the analysis of the amplifier stage. The
request is for a transient analysis of the response to the
pulse signal from the current generator Ji, during a
60-us period and calculated in 40 steps (the period of
60 ps corresponds to slightly more than one pulse). It
also states that the output should consist of graphs of
the voltage waveform at the nodes 1 and 4, the input
and the output.

2T R. 1. Stratford, Computer aided checking of integrated circuit
layout constraints, Int. Conf. on Computer aided design,
Southampton 1972, pp. 45-50.

31 C. Niessen and H. E. J. Wulms, Automatic drawing of masks
for integrated circuits, Philips tech. Rev. 30, 29-34, 1969.

41 A. G. Bouwer, R. H. Bruel, H. F. van Heek, F. T. Kloster-
mann and J. J. 't Mannetje, The Opthycograph, Philips tech.
Rev. 34, 257-269, 1974.

5) B. B. M. Brandt, W. Steinmaier and A. J. Strachan, LOC-
MOS, a new technology for complementary MOS circuits,
Philips tech. Rev. 34, 19-23, 1974.

(6] C. M. Hart and A. Slob, Integrated injection logic (I2L),
Philips tech. Rev. 33, 76-85, 1973. - .
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After the data have been read in, the computer car-
ries out some checks for faults. Itexamines, for example,
whether all the resistances between two nodes have
been connected. The actual analysis then follows, and
then the output is printed out on a line printer. Fig. 8
shows the input and output pulse shapes calculated in
this way. The designer can now examine these results
to find out whether the circuit meets his requirements
and expectations.

The example given demonstrates only a few of
PHILPAC’s capabilities. There is insufficient space
here for a full discussion of all the other facilities it
offers. One particular facility deserves a brief mention,
however. When a circuit such as that of fig. 5 is de-
signed as an IC, the various components will exhibit
deviations from the desired values. A designer obvious-
ly wants to know the extent to which his circuit is sen-
sitive to variations of this kind. He can find this out by
making a few statistical calculations with PHILPAC.
These can be made by adding to the circuit description
some data on the spread in the component values; the
computer can then calculate, e.g. by means of a Monte-
Carlo analysis, their effect on the behaviour of the cir-
cuit. (A Monte-Carlo analysis is a series of analyses in
which different sets of random component values are
chosen within the range of spread.)

Logic simulation

Verification of the design of digital circuits, as dis-
cussed in the introduction, takes place in two phases.
First, it is necessary to investigate whether the basic
units are working properly; since this concerns the
analog behaviour of the circuits, this is done with a
circuit-analysis program. This analysis also determines
the conditions under which the abstraction of analog
voltages to the logic levels ‘0’ and ‘1’ remains valid (e.g.
the ‘fan-out’; see fig. 2 and caption). If these conditions
are taken into account when the logic circuit is de-
signed, the complete circuit only needs to be simulated
for proper functioning at the logic level. This verifica-
tion of logic behaviour is done by means of logic simu-
lation; in this process the computer investigates system-
atically the response of the circuit to the combinations
of input signals devised by the designer. .

The program developed at Philips for performing the
logic simulation is known as PHILSIM (PHIlips Logic
SIMulator). As an example of how the program works
the simulation of a 1-bit adder will be described here.
A circuit of this type, usually referred to as a ‘full
adder’, a single section of an adder, for example, in the
arithmetic unit of a computer, receives as its input
signals two binary numbers 4 and B and an incoming
carry Cin from the preceding section. The circuit is
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Table 1. Truth table for a 1-bit adder. 4 and B are the binary
digits to be added. Cin is the incoming carry, S is the sum and
Cout is the outgoing carry.

A B Cin S Cout

0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 V] 1

1 0 0 1 0
1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

required to produce the sum S of these, and also the
outgoing carry Cout to the next section. This logic
behaviour is described in the truth table in Table I.

To design a circuit that works in accordance with the
truth table, we first derive from the table the Boolean
equations for S and Cout:

S=Cm'(A-'B-i-A'B)'*'éin'(/f'B+A'E), @
and .
Cout=A'B+ Cin*A+ Cia* B. @)

The operator ‘-’ here denotes the AND function and
the operator ‘4’ denotes the OR function; the operator
‘* has priority over ‘+’. Using the rules of switching
algebra, we can derive a simpler expression for S from
equations (1) and (2):

S=Cun* 4 B+ Cout* A + Cout* B + Cout* Cin. €))

Equations (2) and (3) indicate directly the composition
of the network of AND, NAND and NOR gates that
will give S and Coyt from the signals A, B and Cin; see
fig. 9.

A H,
B &
Cin

v
-

— S

&

v
-

= &
Cout

P Couf

&

Fig. 9. Diagram of a 1-bit adder (full adder), used as a section
of a larger adder. This circuit takes the binary numbers 4 and B
and the incoming carry Cin to form the sum .S and the outgoing
carry Cout.
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times zero and at the times when there is a change in
one of these values. An asterisk indicates that the state
of the associated output is not known at that moment;
as a consequence of the gate delay times the effect of the
input signals has not yet made itself felt. As can be seen
in fig. 12, first a Cout appears, immediately followed
by S. Comparing this result with the truth table in
Tablel, we see that there is complete agreement, so that
the simulation shows that the circuit correctly repre-
sents the desired function.

In practice the simulation will have to extend over
many more time units than in our example. A simula-
tion of a period of 10 milliseconds of ‘real time’, with
a time unit of 10 ns, would require calculations for
1000000 time steps, which would require far too
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until the next pulse becomes available in the form of
input signals from the following circuit. In the inter-
vening period each circuit can then perform its function
independently, without being disturbed by the delay
effects of the preceding circuits. If the period between
the pulses — which is usually constant, hence the term
‘clock pulses’ — is made long enough to ensure that
all gates in the various circuits can return to the steady
state during that period, there is no longer any need
for the simulation to take the gate delay times into
account. Only one calculation per clock pulse then has
to be performed for each circuit, and this is much fewer
than in the asynchronous case of fig. 13a. Synchronous
circuits can thus be simulated up to several hundred
times faster than asynchronous ones.

5 s — o 5 s |1
L FA L, L, r, FA R T Ly
Cin Cout | Cin Cout
JUIL
a sync Q

Fig. 13. a) Asynchronous circuit, consisting of the full adder of fig. 9 (FA) and the logic
circuits Ly and La. In simulating each of these subcircuits it is necessary to take into account
the gate delays in all the preceding circuits. ) The same circuit, but now synchronized by
the addition of registers R1 and Re. Whenever a synchronization pulse appears at the input
sync the register takes over the output signals of the preceding circuit and holds them until
the next pulse becomes available as input signal for the next circuit. It is now no longer
necessary to take the gate delay times into account in the simulation; this represents a time
saving by a factor of a few hundred compared with the simulation of an asynchronous circuit.

much computer time. This difficulty can be overcome
to some extent by using ‘event simulation’. This kind
of simulation is not controlled by times but by events:
the circuit is not calculated after every time unit but
only at the times when a signal changes state. The con-
sequences of such a change are then administered as
future transactions, and the simulation steps from event
to event, under the control of this administration, mis-
sing out the times when the circuit is in the steady state.

A further simplification that can shorten the simula-
tion time considerably is to change over from an asyn-
chronous to a synchronous circuit. Let us assume that
the adder in our example derives its input signals from
a logic circuit L; (see fig. 13a) and passes on the out-
put signals to a logic circuit L. In the simulation of
circuit Lz account must then be taken of the delays both
in the circuit L; and.in the adder, because they affect
the moment at which the signals S and Coyut become
available. This is no longer necessary when synchron-
ization registers are included between the circuits, as
shown in fig. 135. At an instruction from a synchron-
ization pulse, each of these registers takes over the out-
put signals from the preceding circuit and holds them

The 1-bit adder dealt with here will in practice be part of, say,
a four-bit adder, and this in turn will be part of a larger system.
Since it is convenient for the designer if this structure is expressed
in the network description for the simulation, the PHILSIM pro-
gram is provided with a facility for representing such subcircuits
by a single instruction. This consists of the name of the circuit,
the input signals and the output signals. The circuit is thus
regarded as a ‘black box’, designated in the PHILSIM code by
‘macro’; the contents of a macro are specified in a separate de-
scription.

Layout

The IC technology used (e.g. MOS, LOCMOS, 12L)
has a considerable influence on the way the layout is
arranged. Thus, I2L gates are situated on either side of
the injector, the conductor that provides the current
supply. In dynamic MOS circuits the gates are arranged
in rows to avoid loss of chip area because of bends in
the clock lines. Again, the arrangement with a two-
layer wiring system will be different from that for single-
layer wiring.

So far it has not been found possible to translate the
craftsmanship required for making good layouts into
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Although this is in principle a superior test method — a
complete test can be generated — the other two are also
used. The reason is that the automatic method can
require a great deal of computer time, especially for
large circuits with many internal memory elements.

In the second method the designer generally uses the
patterns he has used for simulation, supplementing
them until he considers them sufficient for the test. The
amount of work necessary for tracing all the possible
faults in this way is impossibly large, however. It has
meanwhile become common practice to accept incom-
plete tests. This method of test designing is the most
widely used today.

The determination of test patterns by means of a
‘random’ generator generally gives disappointing re-
sults. In some cases, however, a test made by the de-
signer can be supplemented in this way. -

The quality of a test procedure is assessed by means
of test-verification programs. For every possible faultin
a circuit a verifier performs a simulation at the same
time as the simulation of the fault-free circuit. The input
for the simulation is the series of test patterns. A fault
can be detected if different states appear at the outputs
of the two circuits. The result of the verification is a
list of detectable and non-detectable faults.

Testing is the most difficult subject for CAD. Since
the complexity of LSI circuits may be expected to in-
crease quite considerably, the means at present used
will undoubtedly prove to be inadequate. Instead of
being a tedious procedure after the design, testing will
bave to become an integral part of the design proce-
dure. Experiments in this direction show promise.

CAD systems

A CAD system contains, in addition to the computer
methods required during a design phase, such as logic
simulation, a variety of aids that can be used in the
transition from one design phase to the next. The inter-
face of the electrical or logic design with the layout is
by far the most important of these. This interface may
be a constructive connection — so that the layout fol-
lows more or less automatically from the design — or a
monitoring connection. In the monitoring case the de-
signer still makes the layout, but he receives facilities
for proving the correctness of the layout. With the con-
ventional method a compact layout can be made if the
designer is prepared to spend a lot of time on it; the
automatic method produces a far less densely packed
layout with very much less effort. There are also inter-
mediate forms. For example, the automatic method can
be ‘opened up’; in this case a program proposes a lay-
out, and the designer can then improve on its short-
comings. In such cases the CAD program will usually
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check whether these improvements are free from faults,

Two CAD systems will now be briefly outlined. In
view of their different objectives, the two systems are
somewhat different in nature.

CAD systems for LOCMOS circuits

Circuits made with the LOCMOS technology [10]
have extremely low dissipation and are capable of
reasonably high switching speeds. The range of
LOCMOS applications varies from simple standard
circuits such as simple gates to complex LSI circuits.

The CAD system for LOCMOS comprises a number
of logic modules, whose electrical operation is verified
beforehand by means of a circuit-analysis program.
The system consists of a method for logic simulation
(PHILSIM) and a semi-automatic layout system. It
also contains facilities for automatically converting the
test procedure made by the designer into a test program
for the test equipment. A number of rules have been
drawn up for automatically making the layout for
LOCMOS circuits. The layout is organized in a number
of rows. Each row is divided lengthwise into three
parts: the central part contains a number of modules,
while the lower and upper parts contain the intercon-
nections between the modules, which contain the logic
functions. The layout of these modules has previously
been made as compact as possible by hand, and the cor-
rectness of the layout has been verified by extensive
checks and pilot production.

Designing in LOCMOS amounts to selecting the
modules required, allocating them their positions in the
layout, making the interconnections between the mo-
dules and finally making the connections to the outside
world.

Although the allocation of a module to its place in
the row can be automated, a ‘manual’ method has been
chosen for this system. The main reason is that the
quality of the positioning determines to a great extent
the final compactness of the layout. For the time being
the designer appears to be more capable of making the
right decisions here, as compared with automated pro-
cedures.

Making the interconnections between the modules is
the most labour-intensive part of the work. This has
been fully automated in the CAD system described
here, but there is still a facility for the independent
specification of interconnections considered to be im-
portant, or of proving them under the supervision of
the system if the automatic procedures have made less
suitable choices. Part of a layout made in this way can
be seen in fig. 17.

[91 See the article mentioned in note [1].
[10] See the article mentioned in note [5).
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An I’L digital modulation stage for‘ data transmission

R. A.van Doorn and N. A. M. Verhoeckx

Introduction

The telephone network has for many years been used
for other purposes besides the transmission of speech
signals between subscribers. The main reason for this
is that the telephone now extends everywhere; every
business firm and the greater number of homes are now
connected. However, since the telephone system was
originally intended for speech, it does not necessarily
meet the requirements for satisfactory transmission of
other signals. A good example of this can be found in
the signals that are exchanged between a centrally
located computer and its remote peripherals, as used
by banks, travel agencies and airlines, to name a few
examples. The signals here constitute ‘data’, i.e. in-
formation that, unlike speech, is originally presented in
the form of a succession of symbols selected from a
limited set. In travel reservations and bank transfers
the original symbols are the letters of the alphabet and
the digits 0 to 9, whereas in communication between
computers the original symbols are binary (e.g. 0 and 1).
A series of symbols that can assume only a limited
number of different values is referred to as a digital
signal, and if the signal values (also called ‘samples®)
follow each other at fixed intervals of T seconds, we
speak of a digital signal with a sampling rate of 1/7 Hz.
Multivalued digital signals (e.g. of the alphanumeric
type) can also be represented with two-valued symbols
(‘binary digits’ or bits). A unique combination (‘word’),
for example, of eight ones and zeros, is then assigned
to each signal value. The reason for doing this is that
binary digital signals can easily be processed elec-
tronically: the one value (‘1’) then corresponds, for
instance, to a high voltage level for a certain time and
the other value (‘0’) corresponds to a low voltage level.

The term ‘data transmission’ refers to the electro-
magnetic transmission of digital signals (often binary)
that originate from a data source. Great distances often
have to be bridged, sometimes with the aid of inter-
national or even intercontinental links. To permit the
existing telephone network to be used, the digital data
signal has to be converted at the transmitting end into
a form that somewhat resembles the output signal from

.
e
Ngligizh AN~
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Fig. 1. The signals from a data source S first have to undergo
various operations in a data transmitter, such as filtering and
modulation, before they can be transmitted via a telephone line L.
In a commonly encountered situation the input signal to the data
transmitter is a binary data signal, where a high level during the
time T represents the symbol ‘I’ and a low level the symbol ‘0’.
In an analog data transmitter 4T the required line signal is
directly obtained by means of analog circuits (@). In a digital
transmitter DT digital circuits are used to produce a digital ver-
sion of the required line signal, and the final analog result is
obtained by means of a digital-to-analog converter D/4 (b). The
output signal of the digital transmitter requires many more
binary symbols (bits) per second than the input signal. This
means that there are more digital words per second (M/T instead
of 1/T), each consisting of a larger number of bits (e.g. eight
instead of one).

the microphone of a telephone — in other words, an
analog signal, in the frequency band from 300 Hz to
4 kHz. This is brought about by means of a variety of
electrical operations, such as filtering and modulation
(fig. la). At the receiving end the original data is
reconstructed as accurately as possible from the incom-
ing signal. A combined transmitter and receiver is called:
a data modem (derived from modulator-demodulator).
The amount of information per unit time, expressed in
bits per second, that can be transmitted over a tele-
phone link is closely related to the type and complexity
of the operations performed in the modem. There are
various modulation techniques to choose from 1] and
there is also a choice among various forms of equal-
ization [2] at the receiving end. The most commonly

Ing. R. A. van Doorn, formerly with Philips Research Laboratories,
Eindhoven, is now with the Philips Audio Division, Eindhoven;
Ir N. A. M. Verhoeckx is with Philips Research Laboratories, Eind-
hoven. .

(11 F. W. de Vrijer, Modulation, Philips tech. Rev. 36, 305-362,
1976 (No. 11/12). .

(2] F. de Jager and M. Christiaens, A fast automatic equalizer
for data links, Philips tech. Rev. 37, 10-24, 1977 (No. 1).
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If a second filter Fy is added after the modulator
( fig. 4a) one sideband can be completely or partly sup-
pressed, and in this way a single-sideband or vestigial-
sideband-modulated signal can be obtained. With a
double version of the elementary modulation stage

Up(f)

b A A A N S —
Up(7)

. fi-f2 fo-fy  fy  fyth  fyrh

= _»f

Fig. 3. @) Linear modulation stage consisting of filter Fi, a prod-
uct modulator M and a carrier generator G1, which gives a cosine
carrier at a frequency fz. The output signals of F1 and G are
multiplied by each other in the modulator M. b) Frequency
spectrum Uo(f) of the output signal uo(f) obtained from the
modulation stage when Fy is a lowpass filter with cut-off fre-
quency fe. ©) Frequency spectrum Uo(f) of the output signal
uo(t) obtained from the modulation stage when F is a band-
pass filter with a passband from fi to fa.

|:+]—>—o uylt)

o
H

Fig. 4. a) Extension of the linear ‘modulation stage to include a
post-modulation filter Fz for generating single-sideband- or
vestigial-sideband-modulated signals. In the filter F2 one of the
sidebands produced in the modulation is now completely or
partially suppressed. &) Duplicated version of the linsar modula-
tion stage for generating quadrature-modulated signals. Genera-
tor G1 gives a cosine carrier signal and generator Gz a sine
carrier signal of the same frequency.
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(fig. 4b), in which G, generates a cosine carrier and G2
a sine carrier, it is also possible to obtain four- or eight-
phase modulation or combined phase and amplitude
modulation, all widely used in data transmission.
(These modulation methods are usually called quad-
rature or orthogonal modulation.) We see then that the
elementary linear modulation stage can be used in a
large variety of arrangements. In a digital configuration
this facility can be combined with the great versatility
inherent in digital systems, giving a module suitable for
many applications.

The digital linear modulation stage

In a digital version of the linear modulation stage
there are only three elementary operations that can be
performed on digital signals. The signal values can be:
— stored in a memory for a short or long period;

— added to give the sum;
— multiplied, either one by the other or one signal
value can be multiplied by a constant (‘coefficient’).
Our digital modulation stage can therefore also be
regarded as a special kind of small computer that cal-
culates a digital output signal from the digital input
signal in accordance with established rules. After
digital-to-analog conversion, this output signal gives
the same result that would have been obtained from the
data signal if analog filters and modulators had been
used. We should note here that the digital representa-
tion of the desired analog output signal from the data
transmitter requires many more bits per second than
the digital representation of the original data at the
input. This can be seen from the fact that more digital
words per second are necessary at the output of the
modulation stage than at the input, and also from the
fact that the required number of bits per word is
greater; see fig. 15. Our modulation stage has been
designed to process 2400 input words per second, each
of which can consist of one or two bits, while 13 800
words per second appear at the output, each consisting
of eight bits. The ratio of 13 800/2400 = 23/4 between
sampling frequencies at the output and the input was
chosen deliberately, because the internal structure of
the digital modulation stage can be kept relatively
simple with these values, the modulator in particular (41,

Let us now turn our attention to a digital version of

the filter Fy in fig. 3. The filter requirements for data

(*J Important contributions to the design of this integrated cir-
cuit were made by H. A. van Essen, P. J. van Gerwen and
W. A. M. Snijders. .

(31 C. M. Hart and A. Slob, Integrated injection logic (I12L),
Philips tech. Rev. 33, 76-85, 1973.

4 F. A. M. Snijders, N. A. M. Verhoeckx, H. A.'van Essen and
P. J. van Gerwen, Digital generation of linearly modulated
data waveforms, IEEE Trans. COM-23, 1259-1270, 1975.
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transmission do not include extremely high attenuation
but they do include an accurately defined shape of the
frequency characteristic. This requirement can readily
be met by means of a digital transversal filter. The
principle of such a filter is illustrated in fig. 5. The
samples of the input signal are fed to a shift register.
The output signal consists of the sum of the stored
input samples, after each of them has been multiplied
by a certain factor ¢y, ¢z . . . ¢y (called the filter coef-
ficients) [5). The filter characteristic can be determined
by the choice of the coefficient values, which can be
stored as words of eight bits (for example) in a digital
memory. In the configuration shown in fig. 5 all the N
multiplications are carried out simultaneously and the
products added. We use the more practical form, how-
ever, as illustrated on the left of fig. 6. Here the multi-
plications are carried out at an N-times accelerated rate
one after the other, and the successive products are
summed. The shift register now has only one output,
where all the stored input samples appear in turn for
multiplication by the appropriate coefficient ¢, supplied
from the coefficient store. The feedback circuit presents
the samples to the shift-register input in the same order
for the calculation of the next filter-output sample.
When a new input sample is available, it is supplied to
the shift register by the switch Sw, and at the same time
the oldest input sample present is discarded. As soon
as a filter-output sample has been completely calculated
and delivered (in our case to the modulator), the adder
circuit with feedback (the accumulator) is reset to zero
and a new calculation can begin. In the time that
elapses between the occurrence of two successive input
samples, the digital filter can if required calculate more
than one output sample; this is known as ‘interpola-
tion’. In our case as many as 23 successive output
samples can be calculated in the time in which four
input samples are presented. This requires additional
filter coefficients: our shift register consists of thirteen
sections (N = 13), but in total the coefficient store
contains 23N or 299 eight-bit coefficients for the cal-
culations.

The input samples for our modulation stage consist
of words of no more than two bits. Each shift-register
section must therefore contain two bistable circuits,
which can serve as the memory for two bits. The N
multiplications of stored input samples with eight-bit
coefficients require that the accumulator should be
capable of processing longer words. We opted for an
accumulator with a length of ten bits.

The product modulator M in fig. 3 can be produced
in digital form by multiplying each filter output sample
by a number from the digital carrier generator. This is
illustrated in the right-hand part of fig. 6. The carrier
generator consists of a digital memory containing a set
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Fig. 5. Digital transversal filter. The input samples stored in the
shift register SR are each multiplied by one filter coefficient
c1, €2, ... C1, ... cy and the products are added together. The
values of the coefficients determine the filter transfer function.
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Fig. 6. Digital modulation stage consisting of a filter F and a
modulator Mod. The digital transversal filter is arranged here in
such a way that multiplication of the stored input samples by the
filter coefficients (c1, c2, - - - ¢y, - . . cy) and addition of the result-
ant products are carried out sequentially at an increased rate.
A feedback counter (the accumulator) Acc is used. The switch
Sw feeds each new input sample to the shift register SR; the oldest
input sample present is then discarded. In the modulator one
multiplication of a carrier sample by the contents of the accu-
mulator is performed for each output sample. CoS coefficient
store. CoM coefficient multiplier. CarS$ carrier store. CarM car-
rier multiplier.

Inj

In

Fig. 7. Equivalent circuit for an I12L gate. The base of a multi-
collector transistor forms the input In, and the collectors form
the outputs O; and Osz. The base current I of this transistor is
supplied by a P-N-P transistor whose emitter Inj is at a fixed pos-
itive voltage. This emitter is generally called the injector.

of numbers that are periodically read out to represent
a digital carrier. The quantity and the values of the
different numbers to be stored in the carrier memory
are determined by the ratio of the carrier frequency to
the output sampling rate. It is very important to choose
the right value for this ratio.

With the output sampling rate of 13.8 kHz that we
have chosen for the modulation stage it is possible to
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each injector rail is not connected to the supply lead
directly but through a resistor, which has a voltage of
0.8 V across it. The combination of resistance and in-
jector rail has a much less nonlinear relation between
current and voltage than the injector rail itself. A larger
voltage drop along the aluminium supply leads can then
be tolerated (a few hundred mV) for the same maxi-
mum permissible spread in current.

I’L gate

crossing

injector

outputs input -
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application of a glassy protective layer over the com-
plete IC, except for the connector pads, the test pads
and the scribe lane. To illustrate the functions of the
various masks, fig. 16 shows a cross-section through a
part of our integrated circuit in which an I2L gate, a
crossing, an earth connection, a resistor and a separate
N-P-N transistor are situated. It can clearly be seen that
the various types of component are completely sur-

[
earth | resistor N-P-N transistor

I

|

[

: |
| connections |emitter base collector
|

I

VﬂlﬂX

Fig. 16. Arbitrary cross-section through the I2L circuit in fig. 12, showing the principal com-
ponents. The figure indicates the photomasks (BN, DP, DN, SP, SN) used for processing the
various parts of the semiconducting material. No photomasks are necessary for producing the
P-type substrate and the Nep; region. At places where a connection exists between DN (or DP)
and an aluminium conductor, an SN (or SP) diffusion is always made for technological
reasons. It can clearly be seen that the various types of component are completely surrounded
by a ‘trough’ of N-type material (DN and BN) or by a P-type trough (formed by DP and
P-type substrate). In this way they are kept electrically isolated from each other.

The photomasks

In making our modulation stage we start from a sub-
strate of P-type silicon on which the complete circuit is
produced step by step with the aid of eight photo-
masks 31 [7]; see fig. 16. With the first mask (the BN
mask) an N-type diffusion is made at certain places in
the P-type substrate, which will later act as a ‘buried
layer’. An N-type layer is then epitaxially grown over
the whole surface of the crystal; no mask is of course
required here. With the next two masks (the DP and
DN masks) the deep P and N diffusions are made, which
extend into the P substrate and the buried layer re-
spectively. Two masks are then applied for relatively
shallow diffusions, SP for a P-type diffusion and SN
for N-type. The CO mask is then used to make contact
holes in the insulating silicon-oxide layer that covers
the entire circuit after the previous diffusion. An alu-
minium layer is next applied by vapour deposition, and
a pattern is etched in it, with the aid of the IN (= inter-
connection) mask, to form the conducting connections
between the various parts of the circuit. The eighth and
final mask (the CB or protective mask) is used in the

Table I. The main electrical and technological features of the
digital modulation stage.

Surface area 13.32 mm?2
Number of masks 8
Power supply (nominal) 1.5V, 10 mA and
5V, <10pA

Highest internal clock rate 220.8 kHz
Number of I12L gates 786
Number of collectors per I2L { average 2.5

gate maximum 4
Minimum width of aluminium conductors 8§ um
Number of separate N-P-N transistors 25

Number of N-P-N test transistors 1

Number of supply resistors 12
Number of bias resistors 49
Number of test pads 23
Number of crossings 237
Number of connector pads

(four for earthing) 35
Number of encapsulation pins 32

71 A. Schmitz, Solid circuits, Philips tech. Rev. 27, 192-199,

1966.

C. Niessen, this issue, page 278. -

A. G. Bouwer, R. H. Bruel, H. F. van Heek, F. T. Kloster-

mann and J. J. ’t Mannetje, The Opthycograph, Philips tech.

Rev. 34, 257-269, 1974.

1101 F, T. Klostermann, A step-and-repeat camera for making
photomasks for integrated circuits, Philips tech. Rev. 30,
57-70, 1969.
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rounded by a ‘trough’ of N-type silicon (formed by DN
and BN) or a trough of P-type silicon (formed by DP
and P-type substrate). Since these troughs are always
earthed, the components are kept electrically isolated
from each other and cannot therefore adversely affect
each other’s operation. Because of the need for this iso-
lation the total number of masks used (eight) is greater
than would have been expected from the simplified
presentations in figs. 8, 11, 14 and 15.

The masks were made with the aid of a ‘digitizer’ (8],
an Opthycograph [?1 and a step-and-repeat camera [10],
With the aid of the digitizer 2 hand-drawn version of
-the layout was first converted into a description in the
CIRCUITMASK computer language [8], and then re-
corded on m\agnetic tape. Owing to the use of the digiti-
zer each measurement in the drawing and the associated
recording of the result of the measurement only requires
a movement of a measuring head and the pressing of a
button. From the data recorded on the magnetic tape
the Opthycograph produces photographic negatives ten
times larger than the final circuit. The step-and-repeat
camera produces ten-times reduced images of the
Opthycograph negatives in large numbers of rows and
columns for making the final working masks. In the
fabrication of our IC we use masks on which the same
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digital modulation stage appears 191 times. After
fabrication the modulation stages were tested one at a
time on the wafers. The wafers were then broken into
chips and mounted in their final housing.

Table IT gives the main electrical and technological
features of the modulation stage. It has been found
from experiments with mounted modulation stages
that the circuit also operates well at much higher clock
rates than the nominal rate (220.8 kHz), up to 550 kHz.
Thus, if required, input and output sampling rates two
and a half times higher can be used.

Summary. In transmitting data signals via telephone lines use is
made of ‘modems’, in which the signals are subjected to various
operations such as filtering, modulation and demodulation before
transmission and after reception. Depending on the transmission
rate, different filter characteristics and different modulation
methods may be used. A unit in fairly general use is the linear
modulation stage, consisting of a filter and a product modulator.
In digital form this modulation stage is particularly versatile,
since it is only necessary to replace the contents of a digital
memory to make the circuit comply with entirely different speci-
fications. To produce a digital modulation stage in the form of
an integrated circuit, it is not only necessary to make an accurate
analysis of the logic design (word lengths, sampling rates), it is
also necessary to make the best use of the special features of the
semiconductor technology employed. This article describes the
design and construction of a digital modulation stage for data-
transmission applications in the form of an I2L circuit, with
particular attention to these two aspects.
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Image sensor with resistive electrodes

H. Heyns, H. L. Peek and J. G. van Santen

Introduction

For some years now a considerable amount of
research has been carried out on a solid-state alternative
to the television camera tube: a silicon chip on which
a moving image is projected and from which the video
signal is ‘directly tapped’ [1). As yet this ‘solid-state
image sensor’ or ‘flat sensor’ is not a serious competitor
of the camera tube, at least not where the image quality
has to come up to the standards required in television
broadcasting. It looks, however, as if solid-state sensors
will fairly soon become an attractive alternative where
images of poorer quality are acceptable. Possible ap-
plications include closed-circuit television systems for
monitoring patients in hospitals, the extension of the
audio baby alarm to ‘baby vision’, and the supervision
of industrial processes in inaccessible spaces. Attention
is currently directed mainly at flat sensors that could be
used for home television -cameras, with which scenes
could be recorded on video tape and later played back
on the home television set. The quality requirements
here are quite high, but they do not have to rival the
requirements for broadcasting. :

The great impetus in the development of solid-state
sensors came from the invention of the ‘bucket-brigade
shift register’ at the end of the nineteen-sixties {21 and
of other charge-transfer devices (CTDs) more recently,
In a CTD a series of charge packets can be stored in
potential wells under the surface of a silicon chip and
can if required be shifted along at the rate set by an
external clock, e.g. in the manner illustrated in fig. 1.
This method permits many forms of signal processing
(such as signal delay and filtering) to be performed elec-
tronically, the charge packets constituting samples of
the signal. If the circuit elements are photosensitive,
the device can be used for producing a video signal
from an optical image converted into a pattern of
charge packets.

The substrate material for sensors that work in this
way (‘CTD sensors’) is usually P-type silicon. In each
sensor element the incident light generates hole-electron
pairs (fig. 2). The holes are conducted via the substrate
to earth, while the electrons accumulate under an

Ir H. Heyns was formerly with Philips Research Laboratories,
Eindhoven, and is now with the IC laboratory of the Philips Video
Division, Eindhoven. Ing. H. L. Peek and Drs J. G. van Santen are
with Philips Research Laboratories, Eindhoven.

‘integration electrode’. Once in every picture period the
signal charge is read out by shifting the charge packets
along vertical CTDs to the bottom edge of the matrix,

#
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Fig. 1. Charge-transfer device (CTD) with three-phase clock
signal. The clock signal (¢1, ¢2, ¢3), applied to a closely packed
network of electrodes on the surface of a chip of P-type silicon
(P) generates a series of travelling potential wells for electrons.
The electron potential y (of opposite sign to the conventional
electrical potential) is shown here for four successive times, the
first and fourth being one clock period apart. Ox oxide layer.

(e

Fig. 2. a) A single element of a silicon sensor. The electrons from
the hole-electron pairs generated by the incident light (4») in the
P-type material accumulate beneath the (positive) electrode; the
holes are conducted to earth. b) Potential well (x) for the elec-
trons beneath the electrode. .

1] See the articles on lmagmg devices in IEEE J. SC-11, No. 1,
1976 (pp. 109-146).

2] F. L. J. Sangster and K. Teer, IEEE J. SC-4, 131, 1969.
F. L. J. Sangster, Philips tech. Rev. 31, 97, 1970.
W. S. Boyle and G. E. Smith, Bell Syst. tech. J. 49, 587, 1970.
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is at the most 2%. In our sensor a ‘peak-white’ packet
consists of some 3 x 105 electrons (with greater illu-
mination the charge no longer increases). Taking a ten
times smaller value for ‘normal’ white, the noise for a
good picture should thus be no more than 300 elec-
trons, and the variation from well to well should be
no more than 600. The lowest dark current we have
hitherto measured at room temperature is 2 nA/cm?2,
This dark current corresponds to an average of 1000
electrons in a potential well in one frame period
(20 ms), originating from the surrounding area of
14 x28 pm. For a variety of reasons, in particular
owing to material imperfections of various kinds,
much greater fluctuations can occur in this number.
What is more, the working temperatures may well be
above room temperature, and with rising temperature
the dark current increases very steeply. The concen-

IMAGE SENSOR . i

tration of such material imperfections in a sensor
suitable for practical use would probably have to be
less than one per cm?. Considerable effort is nowbeing

expended in the search for technological processes that

could make this possible.

Summary. Sensors based on charge-transfer devices (CTDs) are
an important category of solid-state image sensors. They are
small silicon chips in which once in every frame period an optical
image, converted into a pattern of charge packets, is shifted via
vertical CTDs to the bottom of the image matrix, where it is
processed into a video signal by means of a horizontal CTD.
Difficulties involved are the low blue sensitivity (dense electrode
system) and ‘blooming’. The article discusses an image sensor in
which the vertical transfer takes place in ‘potential channels’ with
a vertical gradient produced by resistive electrodes. The sensor
matrix of 4.2 X 5.6 mm has 300 lines and 200 columns. Each line
is transferred in a time much shorter than a line period; the rest
of the time is available for the removal of charge due to over-
exposure. Since the electrode system is not very dense, the sensor
is also sensitive in the biue.
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A delta-modulation to PCM converter

L.D.J. Eggermont, M. H. H. Hofelt and R.H. W. Salters

Introduction

The present-day telephone network 6perates on the
" principle of baseband transmission on pairs of con-
ductors. In the ordinary telephone exchange the ap-
propriate conductor pairs are connected for the dura-
tion of a telephone call to form speech paths. In con-
nections between exchanges that are far apart, other
transmission systems are included. Their purpose is
to replace the conductor pairs over most of their
length for the transmission of signal components at
frequencies in the speech band (300-3400 Hz). This
replacement serves in the first place to reduce the
attenuation. In the second place the aim is to give more
economical use of the transmission paths by multiplex
operation, that is to say, by the simultaneous trans-
mission of multiple messages on a single telephone cir-
cuit. To limit the attenuation, amplifiers known as
repeaters are incorporated in the multiplex circuit at
fixed distances apart. At the ends of such a transmis-
sion system terminal equipment with multiplexers and
demultiplexers provides the transition between the
multiplex transmission within the system and the base-
band transmission on separate conductor pairs outside
it, so that the transmission system behaves to the out-
side world like a group of low-attenuation conductor
pairs.

Multiplex transmission is usually based on the fre-
quency-division multiplex (FDM) principle, although
the time-division multiplex (TDM) principle is now-
adays increasingly employed. In FDM transmission
single-sideband modulation is used, in such a way that
different frequency-shifted speech bands are stacked
one above the other in the multiplex signal. In TDM
transmission the signals are limited to the speech band
by lowpass filters at the ends of the transmission system,
and . the transmission takes place by means of signal
samples taken at fixed time intervals. During the samp-
ling period the latest samples, originating from the in-
dividual input filters, are transmitted from one end of
the circuit one by one to the associated output filters
at the other end. At the transmitting end the signal
samples are quantized in amplitude and digitally en-
coded so that, after decoding at the receiving end, they
are supplied as quantized samples. Between this code
modulation and demodulation there is thus a digital
signal representation on the multiplex transmission

Ir L. D.J. Eggerinont, Ir M. H. H. Hifelt and Ir R. H, W. Salters
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path, unlike the analog signal representation in FDM
transmission with single-sideband modulation. In both
cases the signal representation on the multiplex path is
standardized, ensuring compatibility between trans-
mission and terminal equipment. The standard signal
conversion for TDM transmission is called pulse-code
modulation (PCM).

Standard FDM transmission has the advantage of
making economical use of bandwidth for the multiplex
transmission paths. Standard TDM transmission uses
regenerative repeaters along the multiplex transmission
path to restore the signal and free it from distortion and
the effects of noise and cross-talk. This gives TDM
transmission the advantage that it can be used for
multiplex operation on pairs originally intended for
baseband transmission and which would give too much
cross-talk and noise with FDM. Another advantage of
TDM is that the terminal equipment, with the multi-
plexers and demultiplexers, is less expensive than that
for FDM. TDM transmission can therefore compete
with unamplified baseband transmission on conductor
pairs over distances even shorter than with FDM.

At the present time there is a distinct trend towards
telephone exchanges operating on the digital TDM
principle, which can transfer quantized signal samples
between input filters and output filters so that the ex-
change behaves for speech in the same way as a TDM
transmission system. In comparison with a conven-
tional exchange, this gives in the first place a substantial
reduction in the amount of wire and switching devices
required. What is more, LSI circuits can be used for the
digital electronics. The use of standard PCM in the
digital telephone exchange allows the exchange to be
directly connected to the multiplex-transmission paths
of the TDM system, without the usual circuitous route
using baseband transmission on conductor pairs. In this
way much wire and equipment for conversion is saved,
both at the transmitting end and in the exchange. Ter-
minal equipment is then only necessary where con-
nections have to be made to baseband transmission, as
at the subscriber’s end of such an exchange. A network
of this kind is referred to as an IST (Integrated Switch-
ing and Transmission) network. Between two IST ex-
changes the digital TDM transmission system can be
connected to each exchange without the need for any
terminal equipment. The remaining converters between
baseband transmission and PCM are then the major cost
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factor, and the challenge is to reduce the costs of such
converters by designing them as integrated circuits.

Fig. 1 shows a possible structure for the local part
of an IST network. Since not all the subscribers will
be making telephone calls at the same time, traffic con-
centration can be effected at the input of the network
by a ‘concentrator’. Each of the outgoing lines from
the concentrator is connected to a two-wire-four-wire
converter (or ‘hybrid’) where the outgoing and the in-
coming signals are separated. The circuit in which the
(analog) baseband signal is converted into the digital
PCM signal forms the connection to the digital time-
division multiplexer. The return path is arranged in a
similar way. In the (de-)multiplexer the conversions
take place between the spatially separated channels and
the group of channels of the multiplex transmission
paths. The transmission paths may consist, for instance,
of a conductor pair for the outgoing paths and a con-
ductor pair for the return paths. A (de-)multiplexer of
this type can thus serve both for TDM transmission
and for TDM switching equipment.

If the costs of the whole system (including signalling
and the supply for the subscriber line) are low enough,
the local IST structure in fig. 2 is an attractive proposi-
tion. The converter is now located at the subscriber side
of the (now digital) traffic concentrator. This structure
makes the application of TDM and the use of ICs even
more attractive, because digital signals are used in a
larger part of the network.

In this article we shall describe an indirect conversion
between baseband and PCM transmission. An inter-
mediate form of digital signal representation is em-
ployed so that less critical circuits can be used: this
cuts down on costs in the lowpass filters at the analog
end and also in the converters between the analog and
digital signals. The more exacting lowpass filter needed
in PCM can be obtained with a digital filter, just as for
the conversion between PCM and the digital inter-
mediate format. The circuit for conversion between

N \ I A-+D |
A., I < : ‘Mux
i |Conc| ! I
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I [t s
o M l
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Fig. 1. Possible configuration of a local IST network for telephony
(IST stands .for Integrated Switching and Transmission). The
signals from subscribers’ calls are fed via a concentrator stage
Conc to an A/D converter connected to a multiplexer Mux. The
signals to the subscriber come via a D/A converter from the
demultiplexer Demux. (SDM == space-division multiplexing.)
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Fig. 2. In the local IST network represented here the signal is
not connected to the multipléxer and demultiplexer via an SDM
concentrator stage but via a TDM concentrator. This network
configuration requires two connecting circuits with an A/D and
a D/A converter for each subscriber. (SDM = space-division
multiplexing; TDM = time-division multiplexing.)

—A—D—— PCM

I A
F Sa St Qu Conv
1 |
A~ 0 A~ Dl—PCM

Fig. 3. Diagram of a common configuration for the connecting
circuits (A/D) in fig. 1. In addition to an A/D converter (or a
D/A converter) Conv the circuit also contains a lowpass filter F
with a steep cut-off, and in the outward path a sampling circuit
Sa, a buffer store St and a quantizer Qu. .

PCM and the intermediate form can be made in LSL.
The way in which we have designed and built such a
circuit will also be described. First of all, however, we
shall review the functions involved in analog-to-digital
(A/D) conversion. We shall then take a closer look at
these functions to see if they can be designed in LSI,
examining in particular the effect of the order in which
they are performed. This will be followed by a more
detailed discussion of the most suitable order of the
functions for LSI. Finally it will be shown how an LSI
circuit emerged from the conclusions drawn and the
type of synchronous logic adopted, a silicon-gate
N-MOS circuit.

The connecting circuit

The outward and return paths to and from standard
PCM will be discussed with reference to fig. 3. The
first operation which the analog signal has to undergo
on the outward path is a bandwidth limitation. This
step is necessary to satisfy the sampling theorem, which
states that a signal f(¢) can be fully reconstructed from
sampling values that are spaced a distance of T = 1/f}
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Fig. 4. The effect in both the time domain (leff) and the fre-
quency domain (right) of sampling a signal. In- the time domain
pulses are obtained that have the same amplitude as those of the
original signal at the same time. The spectrum of the sampled
signal (lower right) is repeated at intervals of fy, hertz. The
spectrum thus formed also has fold-over symmetry about the
frequencies nfuv/2 (n an integer). If, as applies to the spectrum
of the unfiltered signal (solid line) the maximum frequency fm
is greater than half the sampling rate f4/2, the tails of the original
spectrum (S1) and the spectrum folded about fu/2 (S2) will over-
lap. For signal components in the overlap region it is not pos-
sible to find the original value of the frequency, for example.
The filtering in the outward path serves to prevent this undesired
effect (fold-over distortion) by clipping the tail of the spectrum,
so that fm < fb/2; see the dashed line. The filtering in the return
path ensures that the spectra Sz, S3, Sy, . . . due to the sampling
are suppressed.

apart, provided that it contains no frequencies higher
than 1fy. When a signal contains frequencies that are
higher than half the sampling rate f, it is not possible
to determine from the sampling values whether the
original signal contains the frequency {(n + %) f» + f}
or {(n + %) /b — f}. This is illustrated in fig. 4.

To permit an unambiguous reconstruction of the
signal, it is necessary to employ analog filtering when
the standard sampling rate f, (8 kHz) is used, so that
frequencies in the speech band (300-3400 Hz) are
passed, while high frequencies (above 4000 Hz) are
strongly attenuated. The analog filters that can be used
for this purpose are of at least fifth order and therefore
expensive. A filter of this type in passive elements
requires at least two inductors.

After the signal has been sampled the next steps are
amplitude quantization and A/D conversion. To obtain
standard PCM it is necessary to use non-uniform quan-
tization, in which the quantized sample is converted
into an eight-bit word. For small signal values the
quantization unit is chosen so as to correspond to the
quantization unit of a uniform quantizer for a twelve-
bit coder. For larger signal values a lower resolution is
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~accepted, so that with an eight-bit code word the same

signal magnitude can be represented as with the twelve-
bit code word of the uniform code. This does not alter
the fact that the accuracy of the quantizer must meet a
strict specification. In the past this has meant that com-
mon quantizers have been used in the outward path,
or a common D/A converter in the return path, for
24 or 32 channels.

In the return paths the following operations are
successively performed on the digital signal samples
received. The digital/analog converter converts digital
samples into a time-continuous signal with quantized
amplitude at a rate of 8000 words per second. To obtain
the best possible reconstruction of the original analog
signal, this quantized signal is limited in bandwidth by
an analog lowpass filter that has to meet the same strict
specifications as the filter in the outward path.

These requirements for accuracy are in general diffi-
cult to satisfy in analog LSI. We therefore opted for a
circuit in which analog functions are replaced as far as
possible by digital ones. The accuracy that can be
achieved in an analog circuit is related to the physical
characteristics of the components. These depend on the
production conditions, which are only partly control-
lable, and they are also dependent on the ambient con-
ditions in which they operate (e.g. the temperature). In
a digital circuit, on the other hand, the accuracy is
structurally established by the choice of the number of
bits per word used to represent a particular magnitude.
Other advantages of digital circuits are that signals can
be regenerated and that the information in these signals
can readily be stored. As a result it is relatively easy to
make digital circuits in LSI.

The essence of the approach we shall now describe
consists in translating analog functions into digital
functions for all the components in the connecting
circuit. For the best possible design the translation
should not be made separately for each function. By
considering the connecting circuit as a whole, it be-
comes possible to change the internal sequence of func-
tions if necessary.

Making the outward path suitable for digital circuits
requires the use of a much higher sampling rate than
the usual 8 kHz of standard PCM. As can be seen from
fig. 4, when the sampling rate is high, the folded
spectrum (Sz) will only overlap the original spectrum
(S1) slightly, if at all, so that an analog filter with a
gently sloping characteristic will suffice. In addition this
filter does not have to meet such a strict specification.
The use of an extra-high sampling rate also means that
the quantization noise enters only into part of the
frequency band to be transmitted. Consequently, in
this ‘oversampling’ it is permissible to quantize rather
more coarsely. The resultant oversampled signal, for
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Fig. 5. Circuits for converting an analog signal (4) into a standard
PCM signal (PCM) and vice versa for the outward and return
paths in a local IST network of the type shown jn fig. 2. A
characteristic feature is the use of an intermediate code, which
requires a digital code converter Cod Conv at the PCM end. In
principle a separate intermediate code is possible for each of the
two paths. The filter on the 4 side does not have to have a steep
cut-off like the filter in fig. 3.
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coincide with the sampling times of the 8-kHz standard
PCM signal. This signal with high fy is digitally con-
verted into an intermediate code with coarser quan-
tization than in standard PCM.

The resultant arrangement is shown in fig. 5. In prin-
ciple there is no restriction on the choice of the inter-
mediate codes for the outward and return paths. This
allows the intermediate code for the outward path and
the code for the return path to be optimized separately.
As shown in fig. 6, however, attractive local IST struc-
tures are possible if the same intermediate code is used
for the outward and return path. The configuration
shown has the advantage that only digital code con-
verters are required for connections with other ex-

Cod Conv—+— Mux

Conc
(TOM)

—iCod Convi—e— Demux

]

e

Fig. 6. Variant of the local IST network in fig. 2, in which the same intermediate code can
be used in both the outward and the return paths (see fig. 5). The method discussed in this
article is known as HIDM (High-Information Delta Modulation). The loop on the concen-
trator indicates that in this circuit connections between subscribers connected to the same
concentrator are made without the need for code conversion.

which a digital intermediate code is used, has to be
converted into 12-bit 8-kHz PCM. Obviously a digital
lowpass filter is necessary to suppress signal compo-
nents above 4 kHz. Finally the uniform 12-bit PCM
has to be converted into the non-uniform standard
8-bit PCM.

It is also desirable to use a less steep analog filter in
the return path. For reasons similar to those applicable
. to the outward path, this requires that the sampling
rate f, of the input signal to the analog filter should be
much higher than follows from the sampling theorem,
which says that 4 f, should be higher than the highest
signal frequency fm. When a high f, is used the spectra
obtained from the original spectrum are so far apart
that a simple filter is sufficient to suppress them. Here
again, the quantization noise enters into a broader
frequency band than the band that contains the original
signal spectrum. Consequently it is again permissible to
quantize more coarsely, or to use fewer bits per word.
A signal with a high fp for the return path can be ob-
tained by means of a digital interpolating filter, which
calculates the additional intermediate samples for those
sampling times of the intermediate code that do not

changes. The local connections are established in the
common intermediate code via the TDM concentrator.
In our circuit the sampling rate f;, of the intermediate
code is 64 kHz, so that a simple second-order filter is
sufficient for both input and output. A special form of
delta modulation called HIDM (High-Information
Delta Modulation) was chosen for the intermediate
code.

In PCM the instantaneous value of the signal is coded
in digital form by the code words, but in delta modula-
tion the difference between the present sampling value
and the reconstruction of the previous sampling value
is coded in a one-bit code (1), The way in which the
bit stream is calculated using HIDM is illustrated in
fig. 7. An example of the structure of an HIDM en-
coder is given in fig. 8. A major advantage of HIDM
compared with delta modulation with a continuously

" variable step size is that the step size can only assume
values that are 27 (n a positive integer) times larger than
the minimum step size. Since only these simple powers
of 2 occur in the step-size control, digital decoding of
an HIDM signal is a relatively simple matter. Another
advantage of HIDM compared with ordinary delta
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modulation (with fixed step size) is the low bit rate
necessary for encoding a signal in the speech band with
a given signal-to-noise ratio over a wide range of signal
values.

The functions in the digital code-converter

We shall now look at the functional structure of the
64-kHz HIDM/8-kHz PCM code converter. As shown
in fig. 9, a digital code converter may be regarded as a
cascade arrangement of a digital decoding circuit for
the digital input code and a coding circuit to obtain the
required digital output code [2l, As can be seen in
fig. 8, the decoder consists of an ‘expander’, which
regulates the step size, and an integrator. The operation
of the integrator is digital, unlike that of the HIDM
coder. In the coder the uniformly quantized PCM out-
put signal from the digital integrator is filtered, because
the signal components at frequencies above 4 kHz have
to be suppressed to prevent fold-over distortion in the
final 8-kHz PCM signal. At frequencies above its cut-
off the lowpass filter reduces the quantization noise of
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Fig. 7. Illustrating the relation between the HIDM bit stream
and the sampled analog signal X. 4 amplitude. ¢ time. (M. R.
Winkler, IEEE Int. Conf. Rec. 11, Part 8, 260, 1963.) The times
1, t2, etc. are the sampling times. The scale division along the
vertical axis coincides with the equidistant quantization levels.
Each step in the same direction is a factor of two greater than
the preceding one, except in the case of the first two steps in the
same direction after a change of direction. If successive steps are
in opposite directions, the step size is successively halved. The
step-size control is also limited by the existence of a minimum
and a maximum step size. The HIDM bit pattern is plotted along
the lower time axis.
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Fig. 8. A/D converter that forms the digital HIDM signal from
the analog signal X. The part enclosed by the dashed lines is a
decoder circuit that converts the HIDM signal into the com-
parison signal of fig. 7. This decoded signal X is compared with
the filtered input signal X. If X > K, the associated HIDM bit,
through the operation of the polarity detector, becomes 41, or
otherwise —1. The expander Exp, which controls the step size,
determines from the last and the two penultimate HIDM bits
whether the step size is to be multiplied by 21, 2° or 21, After
D/A conversion the analog signal, which has now been given a
sign, is integrated (Int). The decoded HIDM signal K appears
at the output of the integrator.

the HIDM encoder, thus preventing the unwanted fold-
over of noise to the final 4-kHz band. The uniform
PCM output signal of the filter is then sampled at § kHz
and finally the uniformly quantized signal is com-
pressed to form the non-uniform quantized standard
PCM signal.

In considering the lowpass filter in the PCM encoder
it is first of all necessary to decide whether a recursive
or non-recursive type of filter should be used. Now it
can be shown from the theory of digital filters that un-
like analog filters in the conventional connecting cir-

cuit, symmetrical non-recursive digital filters have. the

advantage that the signal delay in the filter is frequency-
independent. Consequently the shape of analog signals
is preserved, a point of particular importance for the
transmission of data on a digital telephone network.
A feature of non-recursive digital filters is that, if the
sampling rate has to be reduced by a particular factor
after the filter — as in the configuration in fig. 9, for
example — the number of operations per unit time in
the filter can be reduced by the same factor. With the
aid of fig. 10, it can be seen that multiplication of the
delayed signal samples by the appropriate filter coeffi-
cients ar and addition of the products thus obtained
need only take place at the times when the output signal
is sampled. In a recursive filter, on the other hand, the
output signal is added in each sampling period to the
signal in the delay line (shift register), so that in general
it is not possible to perform the addition and multipli-
cation only at the times when the output signal has to be
sampled.

1] See for example part III of the review article by“ F. W. de
Vrijer on modulation in Philips tech. Rev. 36, No. 11/12,
1976 (pp. 337-341).
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Constructing a sequence of functions suitable for LSI

The sequence of the various operations to be carried
out in the converter, as given in fig. 9, provides a general
picture of the operations required to bring about the
desired change in signal representation. This by no
means implies, however, that the sequence is already
decided. In making a design suitable for LSI it is neces-
sary to consider which structure will occupy the smallest
area. Important considerations here include the quan-
tity of intermediate results and the number of bits
required per word. The LSI technology chosen also sets
limits to the speed at which operations can be carried
out. With these considerations in mind, we shall now
look at the operation of the converter. By way of de-
scription and analysis we shall first give an algebraic
expression for the operation of the code converter.
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while the output signal (the sum) is determined by

@

The signal y is processed by the non-recursive filter to
form the output signal z:

N-1

Zn = Z akYn—k,

k=0
where ay represents the filter coefficients of the filter of
length N. The number of bits per word, the ‘word
length’, is first increased by the expansion of the word
length (see equation (3)) in the expander. However, the
integration defined in equation (4) is particularly re-
sponsible for a considerableincrease in word length. The
output signals from the integrator, with their high word
length, now have to be processed in the digital filter.

Yn = CYn-1 + Xn.

)

— — T — 1
HIDM ! Exp Int I l B —o/o—-Compr—:——— PCM
e il |
b __ J L J
HIDM Dec PCM Enc

Fig. 9. Operating principle of the HIDM-PCM code converter. The two blocks in the dashed
rectangle on the left (HIDM Dec) convert the HIDM code into a non-standard uniform
PCM signal. The two blocks on the right (PCM Enc) make a standard PCM signal from this
code. Exp expander. Int integrator. Compr digital compressor. The sampler is denoted by the

switch symbol. This is preceded by a digital filter.

‘The value +1 or —1 is assigned to the delta-modula-
tion bits of the converter input signal. The step size s,
at the time » is determined by the step size s,—; and the
factor my, which indicates the change in step size,
through the relation

4y

As already indicated in fig. 7, m, assumes only the
values 2, 1 and 4. The value of m, is found from the
last three HIDM bits, as appears below:

Sp = Sp—1 . My.

bn—2 bp ba mna
1 1 1 2
-1 1 1 1
+1/—1| -1 1 3 @
-1 -1 -1 2
1 -1 -1 1 .
+1/-1 1 -1 3

It should be noted that s, must not assume a value
greater than Smax or smaller than smin. The expanded
input signal x of the integrator in fig. 9 has the form

Xn = by Sn,

3

By substituting (4) in (5) we obtain an expression for
z that allows us to see how_this can be done. After
substitution we find:

Zn = CZn-1 + U, ©)
where
N—1
Up = Y, QxXn—k,
k=0

which means that the signal may also be filtered first
and only then integrated. This interchange of functions
has two advantages. The amount of memory capacity
required decreases by about the same factor as that by
which the word length decreases at the input of the
filter. Consequently, depending on further detailed
serial or parallel operation of electronic circuits, the
required processing speed can be reduced by the same
factor. An additional advantage of the interchange of
integration and non-recursive filtering is that both
operations can be performed with the same adder cir-
cuit, without it being necessary to store intermediate
results separately. The constant ¢ in'(6) and (4) is chosen

21 1. D. J. Eggermont, IEEE 1975 Int. Conf. on Communica-
tions (ICC75), San Francisco, Vol. III, p. 40.2.
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in such a way that a simple electronic circuit can be
used. The expression chosen was

c=1-— 27

M

which only requires a shift and subtraction operation.
The constant ¢ was made less than 1 because the stabil-
ity of the integrator is then guaranteed. The exponent p
was made fairly large because this offers a good ap-
proximation to the integration (¢ = 1).

Apart from this interchange of integration and filter-
ing, it is also possible to limit the size of the memory
capacity required by including the step-size control for
the expander in the filter. It is not then necessary to
hold the step-size words x, ail that need be stored are
the HIDM bits and an initial step-size value, so that
the memory can be about eight times smaller. The step
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ct, separated by a sampler, precedes an integrator with
the constant c®. This interchange of integration and
reduction in the sampling rate does not in itself give
any advantage. But since the non-recursive filter, now
even more necessary, can be combined with the existing
non-recursive filter, an advantage is nevertheless ob-
tained. The original non-recursive filter is expanded by
R — 1 sections. The filter coefficients o' of this modi-
fied lowpass filter are obtained by substituting u (see
equation (6)) in (8):

R—1

ar =Y, ctag,
i=0

®

in which the unmodified filter coefficients a, with m
smaller than zero or greater than N — 1 are assumed

L}

V;
TI Vi T T T z _]
—t aVi  agl;
do “ i % % agVi | @V |a;
L | % v
a=a, + v T
a; =a3
—_— t

Fig. 10. A symmetrical non-recursive digital filter and the analog equivalent of its digital
pulse response. The operation can be described as the addition of input-signal samples multi-
plied by fixed factors. The input signal Vi undergoes successive delays of = (in this case four
times). After-each delay it is multiplied by a fixed factor a;. The sum of the (four) products
and ap times the non-delayed signal is the output signal V.

size then has to be calculated for every shift-and-add
operation, of course. But since the calculation of the
step size from the bit stream, using equations (2) and
(3), can run in parallel with the multiplications in the
filter the incorporation of the step-size control in the
filter has no effect on the processing speed, nor on the
amount of electronics required.

The processing rate required for the filter can be
substantially reduced because only one out of every
eight samples need be calculated. We shall now look
first at the interchange of integration and sampling
necessary here. In the case of a reduction in the samp-
ling rate at the input of the integrator by a factor R,
equation (6) yields

R—1
Znr = zp-nyr + ). Clunr.
i1=0

®

In terms of actual electronic circuits, this equation

means that a non-recursive filter with filter coefficients

to be equal to zero. From the above we see that the
interchange of integrator and sampler leads to an in-
crease in the filter length from Nto N + R— 1; we
shall call this length N’.

Now let us look at the interchange of the filter and
reduction of sampling rate. This interchange, which
gives a reduction in the required processing rate, as we
saw earlier, also leads to a reduction in the number of
samples that have to remain stored in the filter for
calculating the next output sample. Without any reduc-
tion in sampling rate (R = 1) it is now necessary to
store N’ — 1 samples in the modified filter of length N'.
For reduction factors greater than 1 but smaller than
N’, at least N’ — R samples must be stored in the filter
for calculating the next output sample, whereas with
values of R greater or equal to N’ the next output signal
is determined entirely by the samples arriving after the
previous calculation. In this case, therefore, the filter
does not need to retain any earlier sample value at all
for the next calculation period [3). The final result of
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positioning the sampling reduction R before the filter-
ing and integration stages is shown in fig. 11. The
complete process of changing the sequence of the
various operations is again summarized in fig. 12.

N-1
Nmin

!

Fig. 11. The minimum number of samples Nmin that must be
stored in a filter is N— 1 for each value of the sampling reduc-
tion R. N is the length of the unmodified filter.

9% N

—_ R

2N
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between the parallel read-in of the R (= 8) HIDM bits,
this register always shifts eight steps ‘too far’. This
leads to the desired situation in which, when the R new
HIDM bits are input, the R oldest bits are transferred.
At the same time, at the beginning of every calculation
period in the filter, the step size stored for the previous
one must be input to the expander. After R clock pulses
the resultant step size is then stored for the next cal-
culation period in the filter. This has to be done after
R clock pulses (= shift pulses) because the bit at the
location N — R, immediately after read-in of the R
HIDM bits in the one calculation period has to arrive
at location N at the beginning of the next one.

' HIDM Exp Int;C F < Compr —— PCM
HIDM——Exp F Int;C -~ Compr —— PCM
HIDM—Expt—| F +— PrF +——~— Int;C" — Compr —— PCM
HIDM Exp F -~ Int;C? Compr — PCM
HIDM——Exp —< F Int;C? Compr —— PCM
HIDM—— =~ + F + Exp Int;C? Compr —— PCM

Fig. 12. Diagram showing the various steps in deriving a structure suitable for LSI from the
diagram of fig. 9. The first step permits a smaller word length to be used in the filter. The
second step, which limits the number of operations in the integrator, shows that the inter-
change of integrator and sampler leads to the introduction of an extra filter and to a change
in the integration constant. In the third step these filters are combined, and the fourth step
has the effect of reducing the number of operations in the filter. The last step is responsible
for word-length expansion in the lowpass filter.

Block diagram of code converter

In circuits intended for telephony the dissipation
should not be unduly high, and an integrated circuit
should not therefore be required to operate at very high
speeds if it can be avoided. For this reason we decided
against serial operation for the digital signal processor,
and chose parallel operation. The block diagram of the
signal processor with the structure given in fig. 12 is
shown in fig. 13[4, This converter comprises a filter
with 100 sections. The shift register belonging to the
filter has 120 sections. Since there are 128 clock pulses

The multiplications of the filter coefficients by the
step size of 2# required for the filtering is achieved by
shifting each filter coefficient by » places. The shifted
filter coefficients — i.e. multiplied by a power of two —
are then added in the accumulator, taking the signs into
account. These nine-bit filter coefficients are stored in
a 50-word ROM (read-only merhory). The 50-word
ROM is sufficient since only 50 different filter coeffi-
cients are required for the symmetrical non-recursive

_digital filter chosen. This implies that for the filter — but

not for the integration — the constant ¢ in (9) is made
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equal to unity. From the discussion of eq. (9) we know
that the interchange of integration and sampling has
some effect (though only small) on the output signal.

The ROM is addressed by means of a shift register
that contains exactly one ‘1. Each position of this ‘I’
in the address shift register, ASR, addresses one coeffi-
cient in the ROM in such a way that position i and
position 101 — i (i = 1, 2, ... 50) in the ASR indicate
the coefficient at position 7 in the ROM. This unusual
addressing procedure is possible because the filter
coefficients are always required in a fixed sequence. At
the beginning of the calculation period the ‘1’ in the
ASR is shifted to position 1. By not resetting itself to
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From block diagram to detailed design

The essential feature to be borne in mind when de-
signing LSI circuits is that there is little or no access
to the various signals between the components of the
IC. Nor it is possible to replace components of the IC.
Because of these constraints it is necessary to use the
aids described below. As the design progresses two
particular problems are encountered. The design of a
logic circuit amounts to the translation of a desired
function into a set of binary logic relations (Boolean
relations) that can be produced in the desired technol-
ogy. The first difficulty consists in finding a functional
structure (e.g. a block diagram) that will fulfil the de-

HIDM ROM
l 9 f »
! ! 91 murt g |1 Acc b
’ Com)
R
R R 1712 8
Bel Sign / Compr
— &
20
PCM
N N+1 Exp
!
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Fig. .13. Block diagram of the converter. An oblique stroke through a connection indicates
th'at' it consists of more than one line. Muit multiplier. Comp complement. 4Acc accumulator.
s initial step size. The other symbols are the same as in fig. 9 and fig. 11.

zero, the accumulator operates as a ‘leaky’ integrator
that shifts its own output a number of positions and
then subtracts it from the original word. After com-
pletion of the multiplications for the filter, the accumu-
lator — as will presently be discussed — requires a
number of clock pulses to express the carry bits in the
accumulator in its output signal. This is done by in-
cluding 28 separate accumulator pulses which, together
with the 100 associated additions of the filter, give an
internal clock frequency of 1024 kHz (128 x 8 kHz).
The 20-bit output signal from the accumulator is
rounded off to 12 bits at the end of the complete cycle
and then passed on to the digital compressor, which
converts the 12-bit (uniform) PCM input signal into
the non-uniform quantized standard 8-bit PCM code.
Now that we have found a suitable block diagram for
the code converter we shall look at the approach to the
design of the electronic circuits.

sired function. When such a functional structure has
been found, as described above, we come up against the
second problem — how to reproduce its functions in the
appropriate IC technology in logic circuits.

Since it would be no easy task to make a breadboard
model for such a large circuit, and since a breadboard
model would be of limited use for an MOS ciicuit, we
checked the logic design of our circuit by means of a*
computer simulation.

This means of course that the logic-circuit descrip-
tion must be presented to the computer in a simple and
well structured language. The simulation program must
also be able to take account of the variations in the
input signals during a given time interval. From this

{31 In fact, because of the relation between N’ and R, this situa-
tion cannot occur in the system.

4] G. P. Edwards, T. Preston, L. D. J. Eggermont and M. H. H.
Hofelt, 1976 Int. Ziirich Seminar on Digital Communications,
p. B3.1.
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data relating to the structure and the input signals the
simulation program determines the signal at the outputs
and also a number of internal signals. The method is
very versatile. Input signals can easily be changed. The
logic design can also be modified quickly and easily if
the result of the simulation shows that it is necessary.

For the simulation, the use of clocked or synchron-
ous logic has considerable advantage over asynchron-
ous logic, because the number of possible timing rela-
tions between the signals from a particular part of the
circuit is very much smaller with synchronous logic.
This means that simulation with this type of logic can
be much faster and more reliable than with asynchron-
ous logic. Largely for this reason we decided to use
synchronous logic for the converter.

An important aspect to be considered in any design
is the extent to which the IC resulting from a given
design can be tested by finding the output signal as-
sociated with a given input signal. We do this by using
the simulation program that works from a circuit de-
scription to which ‘faults® have been added. With this
description it is possible to see which gates are tested
and which are not for any given input signal. This pro-
cedure is called test verification. If the result is not satis-
factory, the designer may decide that either the use of
additional (or different) test signals or the modification
of the design would give successful testing. At an early
stage in the design the problems of testing should be
thoroughly examined, especially since there are some
categories of circuit that are very difficult to test, in
which a small modification can greatly facilitate the
testing.

When using the test program or the simulation pro-
gram it is necessary to know the output signal that
should be obtained for a given input signal. Here we
used a simulation program that does not work at ‘gate
level’, like the one just described, but describes com-
plete digital functional units (e.g. shift registers, accu-
mulators and memories), without taking the internal
structure of these units into account. The desired rela-
tion between the HIDM input signal and the PCM out-
put signal of the digital code converter was determined
with this block-simulation program with the aid of the
block diagram shown in fig. 13.

If a breadboard model is used, characteristics such as
quantization noise and the subjective perception can be
determined in a simple way. But if it is not thought de-
sirable to make a breadboard model, these character-
istics will have to be determined from a simulation
program. The gate-level simulator is not so suitable for
this purpose, since it is not fast enough to simulate a
few seconds of speech processing in the code converter.
We have therefore also used the block-level simulator
for these determinations.
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Electronic design and technology

In the previous section we have described how we
arrived at a block diagram for the digital code con-
verter. Next we saw how the program simulating the
operation of that block diagram and the gate-level
simulation were used and compared with each other.
We shall now discuss the four-phase dynamic MOS
logic used in the converter.

Four-phase dynamic MOS logic

A circuit based on four-phase dynamic MOS logic is
shown in fig. 14. The charge state of the capacitor Cy
determines the value (‘true’ or ‘not true’) of the Boolean
function f. The value of f is arrived at as follows. In
time interval 1 the capacitor C; is charged via Tj as a
result of the clock pulse ¢;. During the next time inter-
val 2 the value of ¢ is zero, but ¢z keeps Tz conducting.
Thus, C; is discharged if there is a conducting path
present in the logic circuit Logi. This conducting con-
nection occurs when the logic functiona (b + ¢) 4-de
has the value ‘true’ 51, In this case Cj discharges, and
the charge (and the potential) of C) represents the
function f = a(d + c) + de. The logic values formed
in this manner remain in position until the next ¢;
pulse arrives, and can therefore be used as a reliable
input signal for logic networks-with type-3 gates, which
are driven by the clock pulses ¢3 and ¢4 — in the same
way as networks with type-1 gates are driven by the
clock pulses ¢1 and ¢2. At the output a function g
appears, which is represented by the state of charge of
Cq. In their turn the output values of type-3 gates are
stable during clock pulses ¢1 and ¢2, and are thus
suitable for driving type-1 gates.

In addition to these two important types of gate
there are also type-2 and type-4 gates. A slightly sim-
plified configuration of a type-2 gate can be seen at the
top of the circuit in fig. 14, The capacitor C3 here con-
tains the inverse of £. In time interval I capacitor Cs is
first charged via T5 and then discharged via T at the
beginning of time interval 3. Now type-3 gates only
require their logic input signals during time interval 4.
As a result, type-2 gates deliver their output signal to
the input of the type-3 gates at exactly the right time.

One advantage of separating the various operations
into time intervals is that the dimensions and physical
characteristics of the transistors do not have to be so
critical for the circuits to function properly. Since any
transistor can in principle be used in this configuration,
the smallest transistor permitted by the technology will
in general be used, provided the speed requirements
allow it. Since it is also possible to achieve a fairly
complicated function per gate, a high packing density
can be obtained. It is often unnecessary to use flip-flops,
since the charged capacitors perform their function.
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Another virtue of four-phase logic is its low power,
because there is no standing d.c. current. The circuit
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discussed here requires only 15 mW.

f=alb+cl+de

T ic’

afb+c)+de

“The circuit was made with an MOS progess using the
LOCOS field-oxide technology, which is based on a
thick buried oxide layer. In this technology the tran-
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Fig. 14. Illustrating the operation of four-phase dynamic MOS logic. From top to bottom:
a circuit, the four series of clock pulses ¢ and the logical representation of the circuit, a, b,
¢, d and e are arbitrary digital input signals. Log1, Logz logic circuits. In the logical represen-
tation the gates of the various types are denoted by the appropriate digit. These gates are
easily identified in the circuit.

It is necessary to check carefully, and separately from the
simulation, whether the information stored in the IC as a charge
on a capacitor might not be degraded on account of parasitic
capacitances at crossings between the conductor connected to it
and other connectors. If the parasitic capacitance to crossing
lines is found to be too high compared with the buffer capacitance

of the IC, the buffer capacitance must be increased.

sistors and the interconnections — which lie on the
thick LOCOS oxide — have low parasitic capacitances.
This allows fast circuits to be made that require

151 (b + ¢) 4+ de means: a and (b or ¢) or (d and .e). This func-
tion has the value ‘true’ if (@ and b) and/or (a and ¢) and/or
(d and e) are true.
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relatively little power. The desired clock frequencty
(1.024 MHz) presents no problems.

In this technology, interconnections can be either
diffused polysilicon or metal. Although a diffused inter-
connection and a polysilicon one cannot cross each
other, it is very useful to have three kinds of intercon-
nection available. Even with conservative layout rules
for spacings and dimensions, a density of 200 NAND-
gate-equivalents/mm?2 could be obtained with this
technology.

Design of the layout

Our approach for the design of the layout could be
described as semi-automated. The computer performs
operations such as displacement, repetition and rota-
tion of the patterns, but the structure of the layout is
worked out by the designer and then supplied to the
program. '

One of the advantages of the semi-automated method
is that a higher packing density can be obtained. This is
because there are more degrees of freedom available.
For the same reason, it is easier to optimize the pro-
cessing speed for this circuit.

Since the circuit has high regularity, a fully automat-
ed method would not save much time compared with
the semi-automated one. A disadvantage of the method
we have chosen is that it is more difficult to check the
correctness of the layout than with a fully automated
procedure.

Fig. 15. The IC of the HIDM-
PCM converter, with an adjacent
diagram showing the location of 4
the various components on the

[
IC. The arrows give the direc- — M
tion of the information flow. 3 T ?
1 eight-bit buffer register. 2 120- 5 +
bit shift register. 3 step-size con- }

trol (expander). 4 ROM with
filter coefficients. 5 multiplier.
6 converter to complement ‘I°. 2|9 7
7 20-bit accumulator. 8 com-
pressor. 9 control circuit. The

dimensions of the chips are ) 1
3 by 5 mm. ! '
1 8

4“) 1
HIDM PEM

The IC with the DM-PCM converter

We now come to the practical design of the block
diagram of fig. 13 in four-phase dynamic logic. Fig. 15
shows a photograph of the IC and a diagram indicating
the location of the various functional units.

The accumulator and the shift register for the multi-
plier will now be discussed in more detail.
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The accumulator

In the accumulator the filter coefficients multiplied
by the numbers 29 to 27 are added to produce a sum
with a maximum length of 20 bits. The adder is a 20-
bit ‘carry-save’ accumulator, in which the carry is
stored in each stage of the circuit. Each stage » of the
adder functions as shown in the truth table given below.

carry from preceding | carry for next
stage stage
bit to be added new value of
old value of sum bit
¢ * sum bit ¢
Cn~-1 Qn  Sn Cn Sn
Weight 2n 2n 2n 27+l 2n
0 0 O 0 0
1 0 O 0 1
0 1 O 0 1
Logic 0 0 1 0 1
values 1 1 O 1 0
0 1 1 1 O
1 0 1 1 0
1 1 1 1 1

An adder that obeys the rules given in the table stores
the result of the addition of the sum bit, the bit to be
added and the carry from the preceding stage at the
location of the sum bit, and shifts any surplus as a
carry of value ‘1’ to the next stage. To obtain the sum
at the end of the addition procedure the accumulator
must be left to make a few more shifts so that it can
pass on any carries of value ‘1’ that may still be left.
Finally, only sum bits remain, and these give the final
result of the addition.

In the discussion of the design of the adder it is use-
ful to describe the truth table in terms of logic func-
tions:

Sn 1= (@ncn-1 + anCn—1)8n + (@nCn-1 + anCn-1)Sn,
Cn = SpCn—1 + AnSn + AuCn-1,

where the new values of s, and ¢, appear on the left
of the ‘becomes equal to’ sign (:=),and the old values
of s, and é, on the right of it. Fig. 16a shows the logic
diagram corresponding to these relations. It can be
seen that no flip-flops are used here. The corresponding
circuit diagram is shown in fig. 165, while the lay-
out and a photograph of the actual IC are shown in
fig. 17a and b. In fig. 164 the bits a, (of the signal to be
added) and ¢éz-1 (the inverse of the carry from the
preceding stage) are shown entering the parts of the
adder under discussion. Both the inverted and the non-

~
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inverted signal are produced from these two signals in In the case where a, and ¢, are zero, the part of
a type-1 and a type-2 inverter. At the same time, type-1  the circuit drawn in heavy lines forms a hold circuit
and type-2 jnverters form s, and §, from the previous for s4. A circuit of this type is a very simple structure

5n
an
Cn-1 Gn
Cn-1
Sn Sn
J s I L ola) l
2 112 sllalle]le 1121ellelle&
T | TSl
1
z1 27
I S U | ] [
11|71 1117 31 RAREE 113
7 7 17 T Snlnew) T~ ™ [
a Cn-1 an Cn
Sh
?3 P3
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Ii' fold) _ts
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b Qn

Fig. 16. The logic diagram (a) and the circuit (b) of a stage of the ‘carry-save’ accumulator
(Accin fig. 13). The types of gate used in four-phase logic are denoted by the appropriate
digit. If an and the carry cp—1 are zero, the part of the circuit drawn in heavy lines forms a
hold circuit for the sum bit ss. In the two diagrams corresponding functions are located
at the same place, where possible.

value of s,. The six signals thus formed, @n, @n, cn—1, Which could be said to be inherent in four-phase logic.
Cn-1, S» and $p, arrive next at the input of two type-3 The IC contains the transistors at the locations where
gates. The new sum bit is formed in the left-hand type-3  polysilicon crosses a diffusion path (black squares in
gate, while the new carry is produced by the right-hand  fig. 174). As can be seen in fig. 17b, the interconnections
type-3 gate. are either of aluminium (shown bright in the photo-
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one another. This danger does not exist here, however.
The compact structure permitted by the use of three
types of interconnection is shown in fig. 18b, the layout
of the multiplier is shown in fig. 194, and fig. 195 shows
the final circuit, with an area of 0.25 mm?2.

Our objectives, arising from the requiremenfs for an
IST system, have thus been achieved: to structure the
architecture of a digital code converter in such a way
that the design would be suitable for LSI, and then to
fabricate the circuit in the form of LSI hardware.
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Summary. The development of LSI circuits makes it possible to
use digital techniques in a telephone network, both for trans-
mission and for switching. This can have considerable economic
advantages, provided the analog/digital and digital/analog con-
verters are inexpensive. This implies that the usé of expensive
analog filters has to be avoided. The article describes an A/D
converter in which the analog signals are indirectly converted
into the standard PCM code via an HIDM code (‘High-Informa-
tion Delta Modulation®). It is shown how the conversion of this
intermediate code into the PCM code can be resolved into its
elementary functions and subsequently combined so as to produce
a design suitable for fabrication as an LSI circuit. A description
is given of the design of the circuit in an LSI technology that
combines a high packing density with low dissipation. The tech-
nology used is four-phase dynamic MOS logic.
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together so as to produce a grating that is larger than a
single print of the mask. Fig. 3 illustrates the accuracy
with which the results of two successive operations can
be, adjusted in relation to one another. A grating is
printed on the wafer coated with photoresist. The
photoresist is developed, and the wafer is then etched.
Following the application of another coating of photo-
resist, the same pattern is printed once again, now with
a shorter exposure, wich gives narrower lines. The
scanning electron photomicrograph shows a detail of
the resulting grating line after a second etch. The nar-
row line of the second print lies exactly in the centre of
the first line. Finally, fig. 4 shows an integrated circuit
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made with the Silicon’ Repeater. This circuit is so com-
plex that mask damage would have made the yield un-
acceptably low with existing methods.

A. G. Bouwer
G. Bouwhuis
H. F. van Heek
S. Wittekoek

A. G. Bouwer, G. Bouwhuis and Dr S. Wittekoek are with Philips
Research Laboratories, Eindhoven; Drs H. F. van Heek, formerly
with Philips Research Laboratories, is now with the Philips Elcoma
Division, Eindhoven. )
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Electron-beam pattern generator

' J. P. Beasley and D. G. Squire

Introduction

The conventional process for making the masks
which are used in the manufacture of integrated circuits
is photolithography. A replica of the required pattern
is first made and reduced photographically to the
required size, using a very accurate optical system:
often a very large demagnification is needed and the
reduction may have to be made in two stages. The final
replica is then used as a mask through which to expose
a light-sensitive ‘resist’ which covers the material in
which the pattern is to be made. After the resist is
exposed and developed it forms a protective layer
which shields the underlying material at the places
where the pattern is to appear, while the rest can be
etched away to leave the desired pattern. There are
many possible variations, but all high-resolution pro-
cesses share the need for a precise and usually high-
definition mask.

Throughout the history of integrated-circuit manu-
facture there has always been a steady demand for
smaller and smaller structures, and the resolution now
required in the pattérn and the mask approaches the
fundamental limit set by the wavelength of light. If
progress towards finer resolution is to continue, al-
ternatives to optical techniques must be developed.
The most promising of these is electron lithography, in
which a beam of electrons is used to define the pattern
in an electron-sensitive resist [11, The pattern can be
drawn directly on to the resist on the final substrate or
used to make a mask which can be copied, for example

-using an electron-image projector such as that de-
scribed in the article by J. P. Scott [21. Electron lithog-
raphy has two major advantages. First, the effective
wavelength of an electron is typically very small; for an
energy of 20 KeV, as used in the machine described
here, the effective wavelength is about 0.05 nm — i.e.

" 104 times smaller than the wavelength of visible light.
Such a machine is not limited by the wavelength and

could in principle achieve a resolution many times
higher than could be obtained optically, provided of
course that the aberrations in the electron-optical sys-
tem could be made sufficiently small. The second
advantage is that since electrons are charged particles,

J. P. Beasley, B.A., is with Philips Research Laboratories (PRL),
Redhill, Surrey, England; D. G. Squire, B.Sc., formerly with
PRL, is now with Philips Information Systems and Automation
(ISA), at Croydon, Surrey.

the electron-optical system can be controlled and varied
electrically while the pattern is being drawn. This
feature can be used, for example, to adjust the align-
ment of the pattern on the substrate or to correct for
any aberrations or distortions which may arise as the
beam moves. This eases the requirements on the
mechanical alignment and on the focusing and deflec-
tion systems. ,

The subject of this article is an electron-beam
pattern generator which has been developed at
Philips Research Laboratories, Redhill (PRL) (3], This
machine is normally used at a spot size of 0.25 pm, but
this can be reduced to a value of 0.1 pm if required-
The positional accuracy is close to + % um, and the
machine can cover a mask measuring 42 x 42 mm with
high-resolution patterns in from 1 to 3 hours, depend-
ing on the area taken up by the pattern.

The machine has been providing a pattern-generation
service for PRL, for the Philips Research Laboratories
in Eindhoven and for other establishments within the
Philips company for the last two years. Patterns have
been successfully made on several hundred substrates,
some as masks for ordinary photolithography, some as
masks for use in the electron-image projector and some
drawn directly on to the required substrate (this pro-
cess is called “direct slice writing’). Most of the patterns
have been used in the fabrication of experimental
transistors and integrated circuits; other applications
have been in magnetic-bubble circuits and surface-
acoustic-wave devices. The high resolution of the
machine gives an improved packing density in both
applications, and in semiconductor devices the small
dimensions attained also allow high operating fre-
quencies.

In this article we shall first give a general outline of
the machine and its operation and then more detailed
descriptions of the most important features. In the
final section the performance achieved will be described
and some examples of work done on the machine will
be shown.

1] See for example E. D. Roberts, Philips tech. Rev. 35, 41,
1975. We use some of the special resists developed at PRL
as well as the standard types based on polymethyl methac-
rylate.

21 J. P. Scott, this issue, p. 347.

(3] A full technical description of the machine has been published
in IEEE Trans. ED-22, 376, 1975.









Philips tech. Rev. 37, No. 11/12

with a mechanical stage are used to ease some of the
problems. '

The pattern which the machine has to draw — max-
imum dimensions 42x42 mm — is divided into sub-
units of about 2 x 2 mm, whose corners are determined
by markers on the target surface. These markers are
used for alignment purposes and also to help in focus-
ing the beam, as we describe in more detail later. In the
present machine a separate pattern, such as an inte-
grated circuit, is drawn in each subunit, although pat-
terns covering more than one subunit could be drawn.
The target can be moved on a mechanical stage con-
trolled by the computer so that a 22 x 22 array of sep-
arate patterns can be drawn on a single target. These
may be different designs or repeats of a single type, as
required.

The pattern which is to be drawn in the 2x2 mm
scanning area is divided into small trapezium-shaped
blocks, up to 32x 32 um in size. The main deflection
system moves the beam to the correct point in the field
and then hands over control to an autonomous trapez-
ium-generator unit with its own deflection coils and
control circuits, which rapidly fills in a block of the
required shape and size. The pattern is thus built up
from a large number of small blocks drawn side by side
(fig. 2). The fact that these may be trapezoidal in form
means that patterns with sloping sides can be drawn
neatly without the rough edges which would occur if
the basic elements were simply squares or rectangles.
The trapezium generator can operate very quickly
because it deflects the beam over only very short
distances and so does not need great stability. On the
other hand the main deflection circuit has to be able to
deflect the beam very much further, and is correspond-
ingly slow. By dividing control of the scanning process
between the two units we obtain much greater speed
than would be possible using the main deflection sys-
tem alone.

A further element in the control system is concerned
with retaining the focus of the beam so that high
resolution can be obtained throughout the pattern. In
general it is not possible to make an electron-optical
system which is entirely free from aberrations and so
an element of compromise in the design is inevitable.
In our pattern generator the deflection system has been
designed to minimize deflection distortion, but at the
expense of appreciable aberrations, such as astigmatism
and field curvature, which affect the size and shape of
the spot. A precisely square scanning area is obtained
which is accurate to within a small fraction of 1 um
throughout. The aberrations affecting the spot are
predictable and are continuously corrected as the beam
moves about by special circuits within the deflection
amplifiers. A spot size smaller than  pm is thus ob-
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tained. The fact that such correction is possible is_one
of the advantages of electron-beam systems compared
with their optical counterparts.

The data input to the minicomputer (DEC PDPS)
which controls the machine is in the form of lists of the
coordinates, shapes and sizes of the trapezia which go
to make up the patterns required. These are derived
from the patterns themselves by a computer
(ICL 1904S) using the CIRCUITMASK 5] language;
a special processing program then generates the param-
eters of the trapezia and arranges them in the order in
which they are to be drawn. The result is transferred to
the PDP8 on magnetic tape and stored in the disc-
mentory unit to be called up when required. No further
processing is needed. The patterns can be checked
visually on a storage oscilloscope connected to the
deflection system. Data relating to several circuits may
be stored at one time and the computer operator feeds
in separate information on how the different patterns
are to be arranged together on the mask. This is partic- -
ularly useful, as it allows the designer to include test
patterns and circuit variations on a single mask.

Column and control system

In fig. 3 a schematic sectional view of the machine is
shown. Contrary to the usual practice the column has
the electron gun.at the bottom, which brings the work
chamber to a convenient height for loading. The pump-
ing system is fully automatic; there is a vacuum valve
halfway along the column, which closes automatically
when the work chamber is opened to load a substrate,
so that the lower half of the column remains evacuated.
The mechanical stage is propelled by rods which pass
through vacuum seals to two ball screws. The screws
are driven by stepping motors, each motor step moving
the target area 25 um for a total movement of 44 mm.

The electron gun is of our own design and is aligned
mechanically with a little assistance from the beam
aligner. The current to the target can be switched off
when required by the ‘beam blanker’ halfway along the
column. This works by deflecting the beam sideways
so that it cannot reach the target. The deflection is
electrostatic, with two sets of plates.

Fig. 4 shows a block diagram of the'complete control
system of the pattern generator. Some of its important
parts and functions will be discussed in more detail in
the following sections.

{*] The deflection coils directly beneath the electron detectors
were designed by Ir R. Vonk and Ing. N. G. Vink of the
Philips Video Division, Eindhoven.

(4} The Philips PSEM 500 scanning electron microscope is
described by W. Kuypers and J. C. Tiemeijer in Philips tech.
Rev. 35, 153, 1975.

5] See for example C. Niessen, this issue, p. 278.
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Fig. 4. Block diagram of the control unit. After the substrate has been placed on the table
(see fig. 3) and the column has been evacuated, the pattern is drawn almost completely
automatically. It is only necessary to feed the digital geometric data into the computer and
to adjust the astigmatism-correcting coils (see fig. 3) when starting to draw each mask, so that

a beam of circular cross-section is obtained, To the right of the computer, inside the large
rectangle 7, the main deflection system 2 and the trapezium generator 3 are shown, each

with their digital-to-analog converters and amplifiers. The circuits at the top of the diagram
are used in the investigation of the diameter and cross-section of the beam. This is done by
determining the rise time of the signal — originating from electrons back-scattered by the
markers — when the beam scans across two perpendicular edges of one of the markers.

The main deflection system

The main deflection system is used to move the elec-,
tron beam across the 2 x 2 mm scanning area and place
it accurately in the position required for each trape-
zium; control is then assumed by the autonomous
trapezium generator. It is controlled directly by the
computer via two 15-bit digital-to-analog converters
which in turn drive the x and y amplifiers feeding the
main deflection coils. The least-significant bit of the
converters corresponds to 1/16 pm of deflection.

The size of the electron-beam scanning area is deter-
mined by the pattern resolution required and the
reproducibility of the beam-scanning system. In this
machine the beam diameter is normally about 0.25 um
and the deflection must be accurate to better than this
if the resolution is to be fully used; 0.1 wm is usually
required. Among the factors which affect the reproduc-
ibility of the beam position are drift in the power sup-

plies and deflection amplifiers, eddy currents and build-
up of contamination in the column. These limit the
total number of separate points in the 2x 2 mm scan-
ning area which can be addressed to the required
accuracy to 108. Higher accuracy would entail reducing
the scanning area accordingly and the present 2 x 2 mm
size was chosen as a suitable compromise.

Special care is taken to ensure that the scanning area
is free from distortions, and in particular that its out-
line is precisely square. This is checked every few weeks
using a calibrated substrate with a group of accurately
spaced markers, and small electrical adjustments are
made to ensure that the element is square to within
} pm.

The main deflection system does not need the very
rapid response time of the trapezium generator but
since the deflection distances are much greater some
precautions still have to be taken to ensure an adequate



Philips tech. Rev. 37, No. 11/12

speed of operation. The deflection coils are therefore
surrounded by annealed Mumetal rings 0.2 mm thick
stacked axially and separated by spacers of the same
thickness. The purpose of this is to prevent the mag-
netic flux from the coils from entering the objective
lens where they would generate eddy currents during
rapid changes in the deflection fields. These eddy cur-
rents would take a long time to decay and so would
increase the time taken to stabilize the beam in a new
position. As a further precaution the input data is
arranged so that the beam does not take large jumps
from one part of the scanning area to another. Pattern
elements are drawn systematically from top to bottom
and left to right, and even when there are no pattern
elements to be drawn, the deflection system does not
skip the region but moves through it with the beam
current switched off. Thus rapid changes of magnetic
fields are avoided and the effects of eddy currents and
hysteresis in the coils are minimized. The system settles
to within 0.03 pm within 100 ps.

The sensitivities of the x- and y-deflection systems
are also in the control of the computer and can be
varied by a few per cent to change the dimensions of
the scanning area.

The trapezium generator

The trapezium generator has a special set of deflec-
tion coils which are similar to those of the main deflec-
tion system but have fewer turns and so are of lower
inductance. The currents through them are determined
by a logic unit driving very high speed digital-to-analog
converters which feed a pair of fast amplifiers. The
positions of the coils and the gain of the amplifiers are
carefully adjusted in relation to the main system so that
the trapezia are not drawn the wrong size, or tilted with
respect to the x- and y-axes. It is also important that
the deflection characteristics of the coils should match
those of the main system. This is because when blocks
are drawn side by side, the width of the blocks (which
is determined by the trapezium generator) and their
spacing (determined by the main deflection system)
must be precisely the same if they are to fit together
properly.

The logic unit is the heart of the trapezium generator.
It receives from the computer numbers denoting the
height, width and edge angles (see fig. 5) of the required
trapezium and calculates, in digital form, the voltages
needed to deflect the beam. These digital signals are
applied to digital-to-analog converters which drive the
beam to and fro in 4-um steps over the region in
which the trapezium is required. This region can be up
to 32x32 um (256 steps), but the beam scans only
within the required area, as shown in fig. 5. In this way
trapezium shapes (including squares, rectangles and
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triangles as simple cases) can be filled in very rapidly;
at the maximum stepping rate (corresponding to
10 MHz), each one takes at most 6.55 ms. The edges
of the figures are reasonably smooth since the step size
is somewhat less than the spot size.

Focusing the beam

The size of the spot which the electron-optical
system can focus on the substrate determines the
fineness of the detail which can be reproduced in the
pattern. A number of measures have to be taken to
ensure that the spot size is preserved throughout the
pattern. The variations arise in three ways: first because
the focus of the beam tends to vary during deflection;
secondly because even with an undeflected beam the
focus may drift slowly with time owing to variations in
the EHT supply, build-up of contamination in the
column and so forth; and thirdly because the target is
unlikely to be exactly flat, nor will the movement of the
mechanical stage be perfect, so that the height of the
substrate will vary slightly as the stage moves.

32um

32um| |--——-F==
pm a::::?3
[ttt h

G-=o3"

w

Fig. 5. The trapezium generator receives instructions from the
computer indicating the height A, width w and edge angles 6,1, 62
of the trapezium. The spot scans in steps of § wm in a raster up
to 32X 32 pm, always staying within the required region. At top
speed it takes at most 6.55 ms to draw a trapezium.

The current density of the beam has an approx-
imately Gaussian variation with distance from the
centre-line. Near the focus the beam is circular in
section, or elliptical if there is astigmatism. As the
astigmatism does not vary greatly with time or with the
position of the cross-section above or below the focus,
it is sufficient to correct for it manually at the start of
each mask. The variation in the position of the focus is
greater: a correction for this is made automatically at
the beginning of each 1.9 x 1.9 mm pattern. Both cor-
rections are determined by scanning the beam across two
perpendicular edges of one of the markers at a steady
speed in an L-shaped pattern. The rise times of the
signal as the edges are passed give a good estimate of
the size and shape of the spot: two equal and short rise
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New developments

A new research machine is now being commissioned
which will handle 100-mm slices and will incorporate a
number of improvements suggested by the experience
of two years’ operation. Among these will be a new
mechanical table using a laser-based measurement sys-
tem which improves the positioning accuracy and so
overcomes the need for closely spaced markers. In
some cases the presence of these markers is very un-
desirable, for example in VLSI circuits and in surface-
acoustic-wave devices, both of which require an
uninterrupted pattern over a large area.

Measures are also being taken to improve the settling
time, and as a result the new machine will be several
times faster; indeed an increase of at least ten times the
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speed of writing can be expected in the more distant
future. This may make direct slice writing a reasonable
commercial proposition.

Summary. An electron-beam machine for making complex and
precise patterns such as those required for integrated circuits is
described. A 0.25-um diameter beam of electrons controlled by
a computer draws patterns on a metallized substrate covered in
electron-sensitive resist. After development and etching a pattern
is produced (maximum dimensions 42 X42 mm) which can be
used directly or as a mask to be copied by other means. A two-
stage deflection system is used. The first stage (relatively slow)
deflects the beam to within a 2 X2 mm square, the second stage
(relatively fast) draws the appropriate part of the pattern inside
the square. The pattern is made up from trapezia of maximum
size 32X 32 um. The patterns can be positioned to an accuracy
of + % pm with the aid of a set of markers predeposited on the
substrate. A complete mask containing details as small as 0.5 um
takes 1 to 3 hours to draw.
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This method of reproducing patterns at very high
resolution on silicon slices was first proposed in
1969 3], but until recently has suffered from certain
difficulties of operation which have prevented its wide-
spread use. The present paper describes a number of
improvements introduced at PRL which have made the
method more generally applicable for the production
of integrated circuits. The developments to be discussed
are the use of caesium iodide as the photoemitter, a
new design for the magnet and a method of automatic
alignment using Bremsstrahlung X-rays, including im-
provements to the signal detection and processing. A
- final section describes some of the results obtained by
one of these machines during two years of use in an
experimental silicon-processing unit. Fig. 2 shows a
photograph of the electron-image projector.

The caesium-iodide photocathode

The photocathode material most commonly used in
work on electron-image projectors has been palladium.
The unsatisfactory behaviour of this material has been
one of the major problems in the development of these
machines and this has led us to search for an alternative.
As a result of the search we have chosen caesium iodide
(CsI), which fulfils all the major requirements for use
in a mass-production machine. These are: ease of
preparation, stability in air, reliable operation in rela-
tively poor vacuum, and a stable photocurrent of at
least 1 pA/cm2.

Palladium is to some extent unsatisfactory in all of these re-
spects except that of photocurrent density. It is very prone to
contamination and in particular to the effects of minute traces
of oxygen and water vapour. Thus its properties change when
it is exposed to air, and it requires high-vacuum conditions (about
10-7 toi'r, i.e. 10 pPa) for effective operation. Even then the
photocurrent is not reliable and may vary up to 50% during
exposure because of the effects of contamination. The material
is also difficult to prepare, and, because concentrated acids are
required to remove it, special materials must be used for the
mask so that it is not damaged during replacement of the photo-
cathode.

A further requirement which involves the photo-
cathode is that the energy of the electrons emitted
when the photocathode is illuminated should be less
than about 1 eV. This is because a large range of initial
energies will produce the electron-optical equivalent of
chromatic aberration in the image, impairing the reso-
lution and depth of focus 4], To achieve this one needs
to select the right combination of lamp and photo-
emitter material. The essential requirement is that the
quantum energy of the illumination must be only slight-
ly higher than the work function of the photoemitter,
because the emitted electrons will have a range of
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energies between zero and the difference between the
work function and radiation energy. The lamp must be
intense and monochromatic and the photoemitter must
have a high and preferably unvarying emission less than
1 eV above its threshold.

To obtain high emission close to the threshold, the photo-
emitter should have a high density of states within 1 eV of the
top of the highest filled band and a high escape probability. This
suggests that insulating ionic crystals, which have valence bands
generally narrower than the filled conduction bands of metals,
should be suitable. In addition, these materials often have a
large mean free path for the excited electrons, which results in
a greatly increased escape probability for electrons excited deep
inside the material.

In seeking a photocathode which is stable in the
presence of air one can use the simple rule of thumb
that the work function should be higher than 6 eV,
This rule rests on the fact that the electron affinity of
oxygen is 6 eV ; if the work function is more than this
it is likely to be energetically unfavourable for the
oxygen to take an electron from the photocathode.
This is a rather simplistic view of course, but it gives
a useful pointer. .

The above considerations give an indication of the
wavelength limits of the source of illumination; a high-
intensity source of photons of between 6 and 7 eV is
required. A readily available source meeting this re-
quirement is the low-pressure mercury-discharge lamp
(wavelength 184.9 nm, photon energy 6.70 eV).

Among the materials most suitable as photoemitters
for our purpose are ionic insulators such as alkali and
other halides; the best is caesium iodide. Its work func-
tion is about 6 eV, so the photoelectrons emitted
when illuminated by the Hg line at 184.9 nm have a
maximum initial energy of about 0.5 eV. The average
value is 0.3 eV.

The combination of caesium iodide and a low-pres-
sure mercurylamp has two disadvantages. First, caesium
jodide is an insulator so it is necessary to provide a
conducting layer transparent to radiation at 184.9 nm
between the CsI and the substrate. Secondly, the 184.9-
nm radiation dissociates oxygen, leading to the forma-
tion of ozone, so the parts of the projector that are
subject to the ultraviolet radiation have to be contained
in an inert atmosphere such as nitrogen. Cleanliness is
necessary in the vacuum part of the equipment, for any
atomic oxygen formed there attacks residual organic
matter; this results in breakdown of insulators and
rapid deterioration of the photocathode.

These disadvantages are outweighed by the many
advantages. The chief of these is that, as its high work
function indicates, Csl is stable in dry air and requires

41 J. P. Scott, Electron and ion beam science and technology,
6th int. Conf., San Francisco 1974, p. 123.
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field, which has to be uniform to a few parts in 105
over the whole area of the silicon slice in order to keep
the image distortion below 0.1 pm.

The design of the magnet which provides the focusing
field has a major influence on the general configuration
of the whole machine, as it determines the position of
the pumping ports and the ease with which the silicon
slices and the photocathodes can be introduced and
extracted. A simple solenoid which would attain the
required degree of uniformity would be unsuitable be-
cause of the restricted access to the central region of
the field. We use a split solenoid giving good access
from each end and consisting of two coils separated by
a gap where the pumping port can be introduced; see
fig. 3. In order to attain the required uniformity of field
at the centre, the longitudinal section of the coil has
rectangular ‘notches’ taken out of the windings — a
principle well established for long solenoids but not
hitherto developed for split coils [5]. A notch in the
windings is equivalent to a small superimposed coil
with current running in the opposite direction to that
in the main coil, and the field from this can be adjusted
to cancel out the more important non-uniformities in
the field of the main coil.

Owing to the application of the principles mentioned
above, our solenoid is substantially smaller and lighter
than conventional designs and gives better access to the
central field region. Its field is uniform to within 3 parts
in 105 over a 50-mm disc about the centre of symmetry.

The magnetic field near the centre of a simple split solenoid
can be described in terms of polynomials whose second and
higher order terms represent the non-uniformity. With careful
design the field from a second coil system with current in the
opposite direction (equivalent to a notch) can cancel out the two
Iowest-order error components without much reducing the cen-
tral field.

In any configuration of cylindrical symmetry with a plane of
symmetry at the origin, as in the case of a simple solenoid
( fig. 4), the axial and radial fields H; and H, at a point (r,0)
(spherical polar coordinates, origin at centre of symmetry, O)
can be written as follows [5.6];

P2 r\4
H(r0) = Ho |1+ By (;) Pa(i) + Ex (;) P+

r\2 r\4
H(r,0) = Ho [Ez (Z) Py’'(u) 4 E4 (;) Py() ... ] .

Here a is the inner radius of the windings, and Hp is the field-
strength at the centre of symmetry, given by:

Ho = Flja,

where j is the current density, A the filling factor, i.e. the ratio
of the total cross-section of all the conductors in the coil to the
cross-section of-the coil itself. The quantity F is the ‘field factor’,
which depends only on the geometry of the solenoid. The func-
tions P2(u), Pa(u),... are Legendre polynomials of the variable u,
where © = cos 0; P2’(u), Pa’(),... are the derivatives with
respect to u. The error coefficients Ez, Eg,... depend only on the
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geometry, like the field factor F. Because the expansions are
made about the centre of symmetry, the coefficients Ei, Eg, . . .
are zero.

In choosing the superimposed coils j, 24 and a were kept the
same as for the main coil (so that the currents will cancel) and
we chose the geometry such that the error coefficients E»® and
Eq4# for the superimposed coil are much larger than for the main
coil while the field factor Fsis smaller by the same factor. Thus
the products F5E»® and F8Es# are made equal and opposite to
FE2 and FE; and the two lowest-order error coefficients will
cancel out. The corrected field has magnitude:

Hy = Aja(F— F5),
Thus by introducing a notch, which is equivalent to a super-

imposed coil, it'is possible to design a solenoid with a slightly
reduced magnetic field corrected to the fourth order. This is

N N
L — —
N N

Fig. 3. Split solenoid with notches N. The notches are taken
out of the windings to improve the uniformity of the field.

N H r
%——-.—-—-—OZH T

N

Fig. 4. Cross-section of a simple solenoid with one notch and
system of coordinates relating to the calculation of its magnetic
field H.

sometimes called a ‘sixth-order’ solenoid because deviations
from the value Ho are proportional to the sixth power of the
distance from the centre. The magnitude of the sixth-order error
is itself very small and the non-uniformity of the field can be
kept to 1075 over a usable volume.

For a split solenoid as in fig. 3 the calculation is more com-
plicated because of the additional parameters associated with the
gap. There are now six variables defining the magnet (the length
and diameter of the windings, the length and diameter of the
notches, the gap between notches and the gap between the coils) '
and four constraints: the specified field; Ho; Ez zero; E4 zero;
and minimum power. It is not normally necessary to set Eg
to zero.

In practice the requirement of minimum power leads to two
useful rules of thumb for the design. First, the gap between the
notches should be between 0.6a and 0.8a. Secondly, the gap
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between the coils should be kept to a minimum and, in any case,
less than 0.6a. For larger gaps it is not possible to achieve com-
pensation merely by taking a notch out of the windings; two
separate split-pair magnets with currents flowing in the opposite
sense are necessary, which wastes power. With the aid of these
rules the equations may be solved to give a sixth-order field of
a given strength, using minimum power. However, the process is
intricate and lengthy even with the aid of a computer.

Automatic alignment

Integrated-circuit manufacture usually involves sev-
eral steps using separate masks, which must be ac-
curately aligned relative to one another. Usually the
positional accuracy has to be comparable with the
resolution of the finest detail in the pattern. In a
machine intended for use in production it is clearly
important to have an alignment system of the required
precision which is both rapid and automatic. This has
posed some difficult problems, mostly because of the
restrictions on the ways of detecting a signal from a set
of alignment markers. The detection of secondary
electrons (which is the method used in the electron-
beam pattern generator described in the article by
Beasley and Squire [1]) is not possible, for electrons are
trapped in the vicinity of the marker by the high electric
and magnetic fields.

Instead we have adapted a method which uses the
Bremsstrahlung X-rays generated by electrons striking
markers of a heavy element on the slice [7). In this
method a marker grid (typically of tantalum oxide) is
deposited on the silicon slice and an identical pattern
is etched in the mask. When the projected image of the
grid on the mask is exactly aligned with the tantalum-
oxide grid on the slice, all the electrons from the mask
grid fall on the tantalum oxide. If there is misalignment,
however, some of the electrons fall on silicon, which is
a less efficient generator of X-rays. Thus when the
alignment is perfect, the X-ray output is a maximum.
Detectors mounted behind the slice convert the X-rays
which have passed through the slice into electrical
signals. The point of maximum intensity is found
automatically.

In our machine we use semiconductor X-ray detec-
tors — this permits rapid alignment. The signals pro-
duced by the X-ray detectors are applied to a phase-
sensitive circuit, which simplifies the electronics. These
aspects will be described in more detail below. Two
marker grids are used, one on either side of the pattern,
so that both rotational and translational displacements
can be readily detected. The translational corrections
are made by the deflection coils but the rotations cannot
be made in the same way without introducing un-
acceptable distortion of the image. Mechanical rotation
of the mask holder is used instead.

ELECTRON-IMAGE PROJECTOR
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Detecting the X-ray signal

Geiger-Muiiller tubes are the most widely used means
for detecting X-ray signals, but they are not suitable for
our purpose because they are limited to a count rate of
about 104 per second. This implies long counting times
to get sufficient counts to keep statistical fluctuations
low, and hence a long time — typically about a
minute — for the alignment. Semiconductor detectors,
on the other hand, can be used at very high count rates
and so signals with acceptable fluctuations can be ob-
tained in one or two seconds. This makes semiconduc-
tor detectors preferable in spite of the fact that they
have high background noise and are rather sensitive to
interfering signals.

With these detectors the alignment can be carried out
during the first 10 9/ of the pattern exposure. In practice
we use a 20-second period at a reduced dose rate to
allow time for the rotation of the mask holder. The rest
of the pattern is also being exposed during alignment,
but this does not normally show in the developed
image; there is also the great advantage that separate
illumination is not required for the markers.

Processing the output from the detector

When the image of the marker pattern on the mask
is swept over the matching pattern on the substrate the
electrical signal produced by the detector is a triangular
function of the image movement. This does not lend
itself to automatic control because alignment occurs
when the signal is a maximum, which is difficult to
detect, particularly in the presence of noise. This is
made worse by the very large d.c. leakage current from
the solid-state detectors (normally about 1000 times
larger than the signal to be detected).

We have therefore adopted a phase-sensitive de-
tection method which rejects the d.c. component and
produces a signal which passes through zero when the
patterns are aligned. A small alternating current is
passed through the deflection coils, which makes the
image move regularly backwards and forwards over
the marker and so causes a modulation of the detector
signal. This a.c. signal is passed into a phase-sensitive
detector, which compa'res its phase with that of the
modulating current through the deflection coils. The
output signal is proportional to the misalignment, being
zero at the point of perfect alignment, and its sign in-
dicates whether the error is to the right or to the left.
The method requires relatively simple analog circuits
and has the additional advantage that the x-axis and
y-axis corrections can be made simultaneously by using

51 J, P. Scott, J. Physics E 7, 574, 1974.

63 D. B. Montgomery, Solenoid magnet design, Wiley-Inter-
science, New York 1969.

71 B. Fay, 3e Colloque Int. A.V..SEM 71, Versailles 1971,
p. 163.
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different modulation frequencies for the two directions.
The rotation-error signal is derived from the difference
in the x signals from the two markers on either side of
the mask.

Because the basic signal is triangular and not sinusoidal the
modulated signal contains harmonics of the modulating fre-
quency. The higher harmonics can be removed by filtering, but
the lower ones must be left in because a filter which would
remove them would also affect the phase of the component at
the modulating frequency. For this reason the modulation fre-
quencies used for the x- and y-axis corrections must be such that
none of their low harmonics coincide either with each other or
with harmonics of the mains frequency (50 Hz) which may be
present through pick-up. The frequencies chosen in our machine
are 93 Hz and 72 Hz.

The marker grids can be aligned to within 0.3 %, of
their pitch by using phase-sensitive detection. Thus for
.a0.l-ymali gnmént accuracy the marker grid must have
a pitch of no more than 30 pm. However, the maximum
misalignment that is expected on inserting the slice into
its holder is of the order of 10 times this, so we use grid

Det
e o Ay
PSO| | -
X1 || L
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deflection coils: if the amplitude of the deflection is
made equal to one pitch of the fine marker then the
signal from the fine grid is reduced to zero and only the
signal from the coarse grid is detected; if the modula-

Fig. 5. Schematic diagram of part of one of the marker patterns
for the automatic alignment. The full marker consists of 9 such
patterns arranged in a square 6 X6 mm. Two such patterns are
etched in the mask and two are deposited as tantalum oxide on
the silicon slice. Each pattern has coarse x and y grids (widths and
spacings 200 pm) and fine x and y grids (widths and spacings
15 pm).

PSD| | XzX2
X3 | 2
Det :
Ml :3’" >"“ |
|
I
psp|l! v | " I
y, : - 11 ] "
L

Fig. 6. Block diagram of the system for automatic alignment. The X-ray signals entering the
detectors Det have been modulated by applying small alternating currents from the oscil-
lators My and My to the x- and y-deflection coils (Dz, Dy, fig. 1) at frequencies which are
different for the x- and the y-directions; the phase-sensitive detectors PSD can thereby
separate out the x and y error signals. The mean value of the-xsignals from the twd detectors
gives the correction current for the x-direction; their difference gives the correction current
for the rotation R. The y-correction current is derived from one detector only. The amplitude
of the modulation applied to the deflection coils is first made such that the deflections
of the image are exactly equal to the pitch of the fine grids (both x and y); in this way the
signal due to the fine grid vanishes. After the coarse alignment, .the amplitude is reduced
to half the pitch of the fine grid or less: the signal is then substantially due to the fine grid.
The networks marked T represent the adjustable time constants, the networks marked x, R
and y the gains of the circuits controlling the x displacement, thé rotation and the y dis-
placement respectively. The indices C and F refer to the coarse and fine controls.

patterns containing both fine and coarse bars, the latter
having a pitch of about 200 pum; see fig. 5. The coarse
and fine patterns can be distinguished by the choice of
the amplitude of the modulation current applied to the

tion is restricted to less than half the pitch of the fine
marker, the resulting signal is mainly due to the fine
grid. A block diagram of the alignment system is shown

in fig. 6.
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circuit. Figs. 11 and 12 are experimental ICs made
with the electron-image projector; they are examples
of the manufacturing method developed at PRL and
based on the electron-beam pattern generator and
image projector.

Summary. An electron-image projector is a machine for repro-
ducing very fine patterns rapidly and at high resolution. Electrons
are emitted from a photocathode material coating the mask and
are accelerated and focused on the substrate by highly uniform
electric and magnetic fields. This exposes an electron-sensitive
resist coating the substrate and so reproduces the pattern at
unity magnification. The PRL projector includes a number of
new features which have made the method more generally
applicable for the production of integrated circuits than hitherto.

ELECTRON-IMAGE PROJECTOR
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The experience gained over the last two years is now
being used in the design and construction of a new
machine which will handle 100-mm slices and will in-
corporate an electrostatic chuck and several other im-
provements.

These include the use of caesium iodide as the photoemitter
material, a new design for the magnet and a method of automatic
alignment using Bremsstrahlung X-rays, including improvements
to the signal detection and processing. The machine has been
in use for two years and achieves an alignment accuracy of
0.1 pm and a resolution (limited by back-scattering of electrons
in the substrate) of 0.3 pwm. The complete cycle of loading,
pumping down, alignment, exposure and removal of the pro-
cessed slice takes about 3 minutes. .
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