174 TEMPERATURE FACTORS
discrepancy being less than 5% for most of the com-
pounds. The notable exceptions were GaAs, GaP,
InP, LiF and TiC but in these cases there was a large
spread among the individual temperature factors
(47% for GaP).

From the considered data, the recommended values
of the temperature factors B® and B~ for a given
compound are obtained by the weighted average of
the individual values given by the different authors,
the weight w; being 1/0?, where o, is the error for
an individual observation. In all cases for which the
author did not give the error in the B value, the error
assigned to this B is defined as o, = B,p, where p is
the maximum percentage error found in a given set
of data and B, is the temperature factor without the
error. The recommended values of the average tem-
perature factors B are obtained from the recommen-
ded values of B" and B~ using the relation

B=(m*B*+m B7)/(m"+m"), (4)
where m™ and m~ are the masses of the cation and
anion, respectively. The recommended value of the
corresponding Debye temperature was calculated
using (3) with T the room temperature. The recom-
mended values of the temperature factors B*, B~ and
B and the Debye temperature © for the 52 com-
pounds are given in Table 1.

It is expected that the heavier of the two atoms in
a compound should have a smaller B value. This is
indeed the case for most of the compounds. However,
for certain compounds (e.g. AgBr, CuCl, HgSe, InAs,
TIC], PbS, PbTe and ZnS) it is observed that the
heavier atom has a larger B value than that of the
lighter atom. This is not surprising because, in the
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harmonic approximation and for T> @, the mean
square displacements are independent of the atomic
masses (Huiszoon & Groenewegen, 1972; Jex,
Mullner & Dyck, 1974). In such cases, the mass
dependence of the temperature factors may not be
observed.
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Abstract

X-ray integrated intensities have been collected from
extended-face specimens as a function of azimuthal
angle i (rotation angle about the scattering vector)
with a four-circle diffractometer for a number of
semiconductor substrate materials and epitaxic
layers. The Bragg reflections (and X-ray wavelengths)

0108-7673/93/010174-10806.00

accepted 7 July 1992)

have been chosen so that as wide a range of asym-
metry as possible is encompassed. It is shown that
the interpretation of these results, in terms of kine-
matical and perfect-crystal dynamical X-ray diffrac-
tion theories, provides a measure of the perfection of
the crystal being investigated. The interpretation of
some results requires consideration of extinction
effects and their dependence on asymmetry. Such
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measurements, taken from epitaxic layers or sub-
strates beneath epitaxic layers, can also be used to
determine the layer thickness and/or identify the
composition of a layer.

Introduction

X-ray diffraction techniques have proved to be
extremely useful in nondestructively characterizing
semiconductor single-crystal substrates and the crys-
talline layers grown on them by, for example, metal
organic chemical vapour deposition (MOCVD) and
molecular-beam epitaxy (MBE). High-resolution
techniques such as double-crystal diffractometry and
topography can provide a wealth of information on
the nature, microstructure, quality and uniformity
of these crystalline samples (see, for example,
Macrander, 1988; Tanner, 1989). In the case of multi-
layer or superlattice samples, X-ray techniques can
yield information on individual layer thicknesses and
composition, sharpness of interfaces, strain and the
presence of imperfections. The Bond method, for
example, can be used to obtain extremely accurate
lattice-parameter values (Bond, 1960). Triple-crystal
diffractometry can be used to examine the intensity
distribution in the vicinity of Bragg peaks in even
greater detail than with double-crystal rocking-curve
measurements. The advent of synchrotron-radiation
sources has increased the potential of the above-
mentioned and other X-ray diffraction characteriz-
ation techniques and created quite new possibilities.

We have recently made extensive use of a com-
puter-controlled four-circle X-ray diffractometer in
our characterization of a variety of semiconductor
samples (Stevenson, Wilkins, Kwietniak & Pain,
1989; Stevenson & Pain, 1990a,b; Stevenson, Gao,
Pain & Wielunski, 1991). Although the conventional
four-circle diffractometer is not a suitable instrument
for measuring high-resolution rocking curves, for
example, it is extremely useful for measuring
integrated intensities. The fact that the w and 26
circles are uncoupled enables us to collect data at
asymmetric settings. [The symmetric settings of a
given Bragg reflection corresponding to the azimuthal
angle ¢ being 0 or 180°, where we refer to extended-
face crystal geometry (Mair, Prager & Barnea,
1971a,b; Freeman, Mair & Barnea, 1977) and align
the sample normal to be accurately parallel to the
diffractometer ¢ axis.] In this paper we will utilize
this capability of the four-circle diffractometer to
collect accurate X-ray integrated intensities as a func-
tion of ¢, for a number of semiconductor substrate
materials and epitaxic layers.

The analysis and interpretation of the integrated-
intensity results, in terms of kinematical and perfect-
crystal dynamical X-ray diffraction theories, provides
a test of the theories for a large range of asymmetry.
The data presented have been collected at several
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X-ray wavelengths, which provides a further test of
theory, there being, for example, large changes in
absorption for a given material, with a concomitant
variation of X-ray path length and depth of penetra-
tion in the crystal (when absorption is important
relative to extinction). By use of different structure
factors, wavelengths and degrees of asymmetry, we
can essentially alter the sensitivity of the data to the
crystalline perfection of the sample (Wooster & Mac-
donald, 1948; Hirsch & Ramachandran, 1950). The
fact that some of the materials studied are neither
ideally imperfect nor ideally perfect is also demon-
strated and the discrepancy between theory and
experiment is discussed in terms of extinction. We
will also investigate the dependence of extinction
effects on asymmetry, in accordance with the phil-
osophy of Mathieson (1976, 1977, 1979), who iden-
tified the asymmetric limits as being extinction-free
limits. Hirsch & Ramachandran (1950) studied
theoretically the variation of X-ray integrated
intensities with asymmetry, structure factor and
wavelength for perfect and mosaic crystals.

Theory

The samples studied in this paper are all assumed to
be perfectly flat with uniform thickness and to have
a surface sufficiently large that the entire incident
X-ray beam is intercepted at all azimuthal positions
of concern. The samples, in some instances, may not
satisfy the usual definition of an extended-face crys-
tal, however, in that the thickness may not be sufficient
to neglect transmission of the X-ray beam through to
the ‘back’ of the sample. Our calculations will, there-
fore, not assume that the sample is infinitely thick
unless this is justifiable.

Fig. 1 depicts Bragg reflection occurring from a
sample (a) with negative asymmetry, (b) symmetri-
cally and (¢) with positive asymmetry. It is convenient
to define two quantities, @ and B, as follows:

a =~tan ! (sin ¢/tan x,) = w — O

(1)

and

B =cot 83 tan «,

(2)
where y, is the value of the diffractometer angle y
where ¢ =0 and 65 is the Bragg angle. The conven-
tions for our four-circle diffractometer angles (26, w, y
and ¢) and the azimuthal angle ¢ are given by
Stevenson & Pain (1990a). The quantity « represents
the angle between the crystal surface and the Bragg
planes in the horizontal or diffraction plane. In the
case of negative asymmetry (Fig. 1a), a <0, B8 <0,
w < 0y and 0 < < 180°. In the case of positive asym-
metry (Fig. 1¢), « >0, >0, 0> 0 and —180°< ¢ <
0. Finally, the symmetric aspects (Fig. 1b) correspond
toa=0,8=0,w=0gand ¢y =0or 180°. For a parallel
incident X-ray beam of width (in the diffraction
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plane) W, the diffracted X-ray beam width can be
approximated by W/b, where

b=sin(0g+ a)/sin (6 — a) (3)

and the size of the beam on the crystal face (in the
diffraction plane) is W/sin (g + a). The effect of
asymmetry on Bragg reflection from perfect crystals
has been discussed by, for example, Wilkins (1978a).

The integrated intensity for an ideally imperfect
crystal with the relevant geometry can be given [in
kinematical theory; see, for example, James (1948)]
by

Ikin=|FH[2LPAHSA37 (4)

where Fy, is the structure factor for Bragg reflection
H (Miller indices h, k, 1), L is the Lorentz factor, P
is the polarization factor, A, is the transmission
factor, S is the scale factor and A is the X-ray
wavelength. Stevenson & Pain (1990a) provided the
expression

Ay =(cosec w)[1—exp (—utX sec )]/ uX, (5)

where u is the linear absorption coefficient, ¢ is the
crystal thickness (measured along the surface normal
direction),

sec n =(1—cos’y,cos’ ) "/? (6)
and

X =cosec w + cosec (205 — w).

(7)

In the case of a sample of effectively infinite thickness,

)

103 A 8,
7 =

-

(a)

04

Fig. 1. Bragg reflection occurring from a sample (a) with negative .

asymmetry, (b) symmetrically and (c¢) with positive asymmetry.

X-RAY INTEGRATED INTENSITIES

(5) simplifies to

Ay =(cosec w)/ uX, (8)

which has the value 1/(2u) at the symmetric aspects.
Another quantity that will prove to be useful is the
mean path length in the crystal, given by

T= —(1/Ay)dAL/du

=1/u+t(sec n)[ X —(cosec w)/ uAy], 9)

which simplifies to 1/u for a sample of effectively
infinite thickness.

In the case of the dynamical theory for Bragg
reflection with a thick perfect noncentrosymmetric
crystal [see, for example, Zachariasen (1945) and
Cole & Stemple (1962); we will follow the latter’s
formalism directly], we define

Yn=¢ut+ivh, (10)

where

Wi =—(rA’/mV) ¥ (fo, +f)) exp 2miH - 1))
/
xexp (-M) (11)
and
Wi =—(rA* 7V) 3 f] exp (2miH - 1))
J

xexp (—M), (12)

where r. is the classical electron radius, V is the
unit-cell volume and the summations correspond to
the familiar subdivisions of Fy. It is then necessary
to define

Y=, ti(dy), (13)
and

=), +ildh), (14)
where the real and imaginary components have been
separated. We can then obtain the reflectivity curve
(reflecting power)

R={(1+«*+25)/[(1-«?)*+4p’]"?}

x[L-(L*-1)"?], (15)
where
L={y’+g’+[(y*—g’—1+«??
+4(gy —p)° 1Y/ - «*) +4p*]"2, (16)
k= wil/|whl, (17)
s=[W) i), — W) (i) 1/l (18)
p =13 (W5, + (W) (i) )/ |l (19)
y=[(1+b)yi/2
+b(0-05)sin 2051/ (b'*K|y')) (20)
and
g=(1+b)(y5/2)/(b"2K|¥il), (21)
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K being 1 for the normal component of polarization
and |cos 20| for the parallel component. For a cen-
trosymmetric crystal, ¢y =(¢%y),, v =WhH),,s=0
and p =«.

In the case of the dynamical theory for Bragg
reflection with a thin perfect crystal, we follow the
formalism of Wilkins (1978b) (see also Zachariasen,
1945),

R = b|([/,.,\2K2(sin2 av +sinh? aw)/ D, (22)
where
D =|q+ z?|+(]g+ 2’| +]|z]*) sinh? aw
—(lg+ 2% —|z[*) sin® av+ Re (—z*u)
x sinh 2aw + Im (z*u) sin 2av, (23)
u=v+iw=(g+z)"? (24)
q=—bya K, (25)
z=(1+b)Y/2+b(0—0g)sin 20, (26)
and

a = mi(sec n)(cosec w)/A, (27)
z* being the complex conjugate of z and Re (Y) and
Im(Y) representing respectively the real and

imaginary components of the complex quantity Y.

Experimental

It has been implicitly assumed in the foregoing dis-
cussion that the incident X-ray beam is parallel and
monochromatic. The four-circle diffractometer used
for the measurements presented in this paper is not
equipped with an incident-beam monochromator. All
integrated intensities have been collected with the
entire Ka doublet (in some cases the appropriate KB
filter has been used). Although the X-ray beam used
is basically divergent, we have used X-ray tubes dis-
posed to give a line focus that is only 35 pm wide (in
the diffraction plane) as viewed from the crystal centre
(for a 5°take-off angle). The incident-beam collimator
provides a circular aperture of diameter 140 um,
resulting in a beam divergence (for an effective point
source located at a larger distance from the sample
than the real source) in the diffraction plane of
approximately 191" (115") for the penumbra (umbra).
These rather stringent conditions are also necessary
to limit the area of crystal irradiated at the extremes
of negative asymmetry [see Fig. 1 and (3)]. In such
cases it is also necessary to ensure that any detector
aperture being used is capable of receiving the entire
(quasiparallel) signal. It can be shown that the effect
of not having an ideal incident X-ray beam (i.e.
neither parallel nor monochromatic) is unimportant
in the present circumstances and in particular where
the measured quantity is the integrated intensity.
Each sample was initially aligned so that the sample
normal and diffractometer ¢ axis were accurately
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parallel (to better than 0.05°) by use of a laser tech-
nique (Moss & Barnea, 1976). Integrated intensities
were collected using /26 scans, with a minimum
step size of 0.005° in w, at 293 K. Measurements were,
in certain cases, repeated at various generator settings
to check on the efficacy of the dead-time corrections.

Data were collected for four samples: (i) Si,
effectively infinite thickness for all wavelengths and
Bragg reflections used, approximately (111) orienta-
tion; (ii) GaAs, effectively infinite thickness, approxi-
mately (100) orientation; (iii) GaAs, effectively
infinite thickness, approximately (311) orientation,
an approximately 1 pm layer of Hg, ,Cd,Te (311)
had been deposited on the surface by MOCVD;
(iv) CdTe, nominally 8.15 wm thick, approximately
(111) orientation; this layer was deposited on a
sapphiresubstrate. Accurateorientation( UB) matrices
were obtained for each sample [to enable azimuthal
positions to be selected reliably - Bragg reflections
were also optimized (with ¢ fixed) prior to measure-
ment). Polarity determinations were made for each
of tHe noncentrosymmetric structures (GaAs and
CdTe), as discussed by Stevenson, Wilkins, Kwiet-
niak & Pain (1989).

We have endeavoured, for a given Bragg reflection,
to collect the integrated intensity data over the full
range of ¢, from the symmetric aspect ¢ = —180°
(a =0), to the extreme of positive asymmetry ¢ =
—90° (a=90°-x,), to the symmetric aspect ¢ =0
(a =0), to the extreme of negative asymmetry ¢ = 90°
(@ = xo—90°) and to the symmetric aspect = 180°
(identical to s = —180°, of course).* The only reasons
for not collecting the data for a particular value of ¢
are in the event that multiple-diffraction effects
obtrude or if the reflection is not physically accessible
for that ¢ (owing to, for example, the y circle obscur-
ing the detector). The Bragg reflections and X-ray
wavelengths were chosen so as to encompass as wide
a range of asymmetry as possible (in practice) and,
as such, are special. The value of w at ¢ =90° (or
20 —w@ at ¢ =-90°) was typically around 3°
(minimum value 1.7°). The value of —8 at ¢ =90° (or
B at ¢ =—90°) was typically around 0.9 (maximum
value 0.93). These degrees of asymmetry do not war-
rant a consideration of total-external-reflection
effects, i.e. the glancing angles used are not yet at the
critical angle (the largest critical-angle value encoun-
tered here being 0.46°).

Analysis

To carry out the calculations presented in the next
section we have used the atomic scattering factors of

* The extremes of asymmetry mentioned here are not, in general,
the asymmetric limits mentioned by, for example, Mathieson
(1976), where @ = x65 (B =*1, w — 0 = £ 60y), which correspond
to the diffracted or incident X-ray beams being parallel to the
crystal surface.
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Doyle & Turner (1968) and the anomalous-dispersion
corrections of Cromer & Liberman (1970). The
Debye-Waller factors used in the harmonic tem-
perature factors are from Prager (1971) for Si and
from Reid (1983) for GaAs and CdTe. Anharmonic
thermal vibrations and bonding effects are not con-
sidered. Thermal-diffuse-scattering corrections to
measured integrated intensities were also ignored.
The lattice parameters used were 5.4309 A tor Si
(National Bureau of Standards, 1976), 5.6538 A for
GaAs (ASTM Card No. 32-665) and 6.481 A for CdTe
(National Bureau of Standards, 1964). Linear absorp-
tion coefficients were calculated from mass attenu-
ation coefficients given in International Tables for
X-ray Crystallography (1974).

Since the incident X-ray beams used were unpolar-
ized, calculations were, in general, made for both
polarization components and averaged. All least-
squares refinements were carried out with unit
weights,

Results and interpretation
Silicon

Figs. 2, 3 and 4 show integrated intensities plotted
as a function of ¢ for the Mo Ka 551, Co Ka 113
and Cr Ka 220 Bragg reflections, respectively. In each
case, the kinematical calculations were made with use
of (4)-(7), the dynamical calculations with (1), (3)
and (11)-(21). At each ¢ value the dynamical reflec-
tivity curve is calculated and then integrated. Fig. 5
shows, by way of example, the calculated reflectivity
curves for the Cr Ka 220 reflection at ¢ = 0 and £90°.
In Figs. 2-4 the dynamical theory results have been
scaled to unity at ¢ =0 and the kinematical theory
and experimental results scaled to agree with the
dynamical theory result at ¢ = 90°. (We note that the
theoretical results are not constrained to agree at

kinematical
b IEEEREEEE dynamical
1 ~- — extinction
4] ° 70" experiment

integrated intensity

Fig. 2. Integrated intensities as a function of ¢ for the Mo Ka 551
Bragg refiection from Si.
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Fig. 4. Integrated intensities as a function of ¢ for the Cr Ka 220
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Fig. 5. Calculated reflectivity curves (dynamical theory) for the
Cr Ka 220 Bragg reflection from Si as a function of 6, the
deviation from 6.
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Table 1. Details of the Si and GaAs data

The refined parameter values obtained from consideration of the presence of extinction effects (¢) are included together with a measure
of the least-squares fit (Hamilton's R factor, R,,). Values of the level of interaction parameter at ¢ =0 and +90° are also included.

Material hkl A €
Si 551 Mo Ka 0.434(5)
Si 113 Co Ka 0.720 (3)
Si 220 CrKa 0.781 (11)
GaAs Si1 Mo Ka 1.13(2)
GaAs 311 Cu Ka 0.999 (10)

¢ =-90°) It is clear from Figs. 2-4 that the experi-
mental data are in much better agreement with
dynamical theory, compared with kinematical theory.
Given the perfection of the material involved (Si),
this is not surprising. However, there is clearly a
discrepancy with dynamical theory for all three cases.

We initially investigated the possibility of the pres-
ence of a nondiffracting surface layer (e.g. SiO,). The
effect of such a layer, with the assumption of a uni-
form thickness ' (measured along the surface-normal
direction) and a linear absorption coefficient u’,
would be that the theoretical integrated intensity
should be multiplied by a factor

f=exp(—u't'X secn). (28)

Least-squares refinements were carried out using (28)
in conjunction with the dynamical theory calculations
(refining u't’). We found that the experimental data
in Figs. 2-4 could indeed be fitted very well in this
way. However, the refined values of u't’ proved to
be quite unacceptable in that the observed wavelength
dependence could not be explained. For example, if
we assume that the proposed layer has the same linear
absorption coefficient as the bulk (u’ = u), the derived
values of t’' are 1.83(9), 0.266 (4) and 0.081 (5) um
for Figs. 2, 3 and 4, respectively. Considering other
possible layers, such as SiO,, does not resolve this
anomaly.

The second possibility is to attribute the remaining
discrepancy between dynamical theory and experi-
ment or, more correctly, the discrepancy between
kinematical theory and experiment, to extinction. We
begin by considering the familiar expression for the
primary-extinction factor for the infinite parallel plate
(Darwin 1922; Zachariasen, 1945), which should
multiply I;, [see (4)],

y = (tanh A)/ A, (29)
where
A=rA|Fy|Kt(secn)/{V[sin w sin (265 — w)]"?}.
(30)

In the present case, our Si sample is of effectively
infinite thickness. If we replace t in (30) by the depth
of penetration of the X-ray beam (measured in the
surface-normal direction) corresponding to a path

Ry (%) 1/g (¢=0) 1/g (¢ = £90°)
2.87 -314 -121
1.30 -92 -39
3.61 -8.2 -33
211 -5.3 -3.0
1.83 -127 -47

length of T=1/pu [see (9)], we get

_ rA|Fy|K [cosec w cosec (265 -w)]"?

wV  [cosec w+cosec (205 —w)]
(31)
For symmetric aspects, (31) simplifies to
A=rAlFylK/(2uV), (32)

and for the asymmetric limits (v =0 and w =26y),
A=0and y =1, i.e.these asymmetric limits are extinc-
tion-free, as discussed by Mathieson (1976, 1977,
1979).

Least-squares refinements were performed by vari-
ation of a dimensionless parameter ¢ that multiplied
A [see (31)]. We do not assign any physical meaning
to the parameter e. Table 1 shows the results obtained
for Si; Figs. 2-4 include the theoretical curves (solid
lines) generated in this way (and scaled as for the
kinematical calculations). Table 1 includes values of
Hamilton’s R factor, R,; (Hamilton, 1965), as a
measure of the fit. These values and the figures indi-
cate that the Si data are fitted very well. It is important
to appreciate, however, that (29) and (31) can only
be treated as an empirical extinction correction for
the Si data. We cannot justify (31) theoretically
because Darwin’s formula [(29)] is based on negli-
gible absorption, whereas we have set the effective
crystal thickness at a value dictated by absorption
rather than extinction. The theoretical validity of the
form of (31) is the subject of further study. The fits
obtained for the Si data presented here are all the
more remarkable when one considers that there is a
30-fold change in the linear absorption coefficient,
from 15.2cm ' for Mo Ka to 472.3 cm™' for Cr Ka.
To compare the degree of absorption versus extinc-
tion, we have included in Table 1 values of the level
of interaction parameter at ¢ =0 and £90° [see
Wilkins (1978a) and (21)],

1/g=0-p%"?K|wkul/ . (33)

Physically, 1/g gives a measure of the degree of
extinction relative to the degree of absorption. Hirsch
& Ramachandran (1950) give the result —1/g=
41,04/ tex, Where 1., (1e,) is the absorption (extinc-
tion) length in the absence of diffraction (absorption).
The values of 1/g for ¢ =0 reflect the dominance of



180

extinction effects. However, at our extremes of asym-
metry (¢ = £90°), extinction and absorption effects
are, in general, comparable.

Fig. 6 shows the calculated extinction factors for
the three Si reflections as a function of B. The
maximum extinction effect occurs at the symmetric
aspects (8 =0); the asymmetric limits (8 =+1) are
seen to be extinction-free (Mathieson, 1976, 1977,
1979).

Gallium arsenide (1)

Figs. 7 and 8 show integrated intensities plotted as
a function of ¢ for the Mo Ka 511 and Cu Ka 311
Bragg reflections from GaAs, respectively. The
experimental data and calculations are presented as
described already for Si. Although the experimental
data are very close to the dynamical theory curves,
there is still a discrepancy in Fig. 7 at least. As for
Si, we cannot explain this discrepancy in terms of a
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Fig. 6. Calculated extinction factors for the three Si reflections
(Figs. 2, 3 and 4) as a function of 8.
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Fig. 7. Integrated intensities as a function of ¢ for the Mo Ka 511

Bragg reflection from GaAs.
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nondiffracting surface layer and have carried out an
extinction correction using (29) and (31). The results
are included in Table 1 and Figs. 7 and 8. We see
that the refined values of £ are both very close to
unity and the experimental data are fitted very well.
The linear absorption coefficients for Mo Ka and
Cu Ka are very similar, 328 and 368 cm™', respec-
tively, owing to the presence of the K-absorption
edges. Fig. 9 shows the corresponding calculated
extinction factors as a function of .

Gallium arsenide (2)

Fig. 10 shows integrated intensities plotted as a
function of ¢ for the Mo Ka 713 Bragg reflection
from GaAs (this sample being the one with a
deposited MOCVD-grown Hg,_,Cd,Te layer). The
experimental data and calculations are presented as
previously described. Both theoretical curves include
the effect of absorption in the nondiffracting
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] —— extinction
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-180 ~90 0 90 180
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Fig. 8. Integrated intensities as a function of ¢ for the Cu Ka 311
Bragg reflection from GaAs.
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Hg,_.Cd,Te layer by use of (28). Least-squares
refinements (refining p't’) favoured the dynamical
calculations rather than the kinematical calculations,
the respective values of Ry being 3.19 and 4.34%.
The refined value of u't’ (for the dynamical calcula-
tions) was 0.0718 (3). The sample being studied here
is the sample denoted S1 by Stevenson, Gao, Pain &
Wieluniski (1991) and the value of u't’ obtained by
these authors (for Mo Ka radiation) was 0.073 (9)
[1'=539.7cm™" and t'=1.36 (12) um], in excellent
agreement with the present case.

Fig. 10 demonstrates the possibilities for using such
measurements to determine ¢’ and identify the compo-
sition of a layer material, e.g. obtaining a value for
the Cd fraction x in the present case. If the layer
material is known, one set of measurements will yield
a value for t'. If the composition of the layer is not
known, two or more sets of measurements, collected
with different X-ray wavelengths, may enable ¢’ to be
determined and some estimate of the layer composi-
tion to be made (this may prove easier if the X-ray
wavelengths encompass absorption edges of the layer
material). )

The dip at ¢ =90° in Fig. 10 is attributed to the
absorption (path length) of the X-ray beam in the
layer being a maximum (as it also is at ¢ = —90°). If
the degree of asymmetry is sufficiently large, for the
X-ray wavelength in question, the X-ray beam may
effectively fail to reach the substrate through a
deposited layer. Fig. 11 demonstrates this point; it
shows integrated intensities plotted as a function of
¢ for the Cr Ka 202 Bragg reflection from the GaAs
substrate. Because of the nature of the curves in Fig.
11, the experimental data and kinematical theory
results have been scaled to unity at ¢ = 0 (rather than
to agree with the dynamical theory results at ¢ = 90°).
The values of u't’ used for the kinematical and
dynamical calculations in Fig. 11 were based on the
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Fig. 10. Integrated intensities as a function of ¢ for the Mo Ka
713 Bragg reflection from GaAs (through an Hg,..Cd,Te
layer).
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refined values of u't’ for the respective curves in
Fig. 10.

Cadmium telluride

The motivation for studying this thin CdTe layer
is that we believe it should be relatively imperfect, in
contrast with the Si and GaAs crystals already investi-
gated. Figs. 12 and 13 show integrated intensities
plotted as a function of ¢ for the Mo Ka 624 and
Cr Ka 311 Bragg reflections, respectively. In each
case, the kinematical calculations were made by use
of (4)-(7) and the dynamical calculations were made
by use of (1), (3), (6), (10)-(12) and (22)-(27). At
each ¢ value, the dynamical reflectivity curve is calcu-
lated and then integrated. Fig. 14 shows the calculated
reflectivity curves for the Mo Ka 624 reflection at
¢ =0 and +90°. The scaling of the results in Figs. 12
and 13 is as described for Figs. 2-4.
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Fig. 11. Integrated intensities as a function of ¢ for the Cr Ka
202 Bragg reflection from GaAs (through an Hg,_.Cd, Te
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Clearly, the experimental data are in considerably
better agreement with the kinematical curves in Figs.
12 and 13 than in other figures, with no evidence for
significant extinction effects being present. We note
that the differences between the kinematical and
dynamical calculations in Figs. 12 and 13 are rela-
tively small. We attribute this to the reduced import-
ance of multiple interferences in the thin-layer
sample.

Concluding remarks

Accurate X-ray integrated intensities, collected as a
function of asymmetry and wavelength, for a number
of semiconductor materials (including thin epitaxic
layers) have been interpreted very successfully in
terms of kinematical and perfect-crystal dynamical
X-ray diffraction theories. In certain instances,
attempts have been made to include extinction effects
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Fig. 13. Integrated intensities as a function of ¢ for the Cr Ka
311 Bragg reflection from CdTe.
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Fig. 14. Calculated reflectivity curves (dynamical theory) for the
Mo Ka 624 Bragg reflection from CdTe as a function of ¢’, the
deviation from 6.

X-RAY INTEGRATED INTENSITIES

to account for remaining discrepancies between
theory and experiment. The experimental results have
been shown to be in accord with theory over a very
wide range of asymmetry and in a consistent manner
for a variety of wavelengths, which encompass quite
large changes in absorption.

The interpretation of the results presented here
provides a measure of the perfection of the crystal in
question and, to some extent, of the uniformity of
the sample with depth, via different penetration
depths for the different asymmetries and X-ray
wavelengths. The empirical extinction corrections
used are shown to have an asymmetry dependence
consistent with the philosophy of Mathieson (1976,
1977, 1979), who identified the asymmetric limits as
being extinction-free limits.

It has been shown that measurements such as those
presented here can be used to determine the thickness
of surface or deposited layers (see, for example,
Mathieson, 1975), diffracting from either the layer
itself or from the underlying substrate material. In
certain circumstances, the use of multiwavelength
X-ray data may also provide a means of identifying
the composition of a layer.

I am grateful to Professors A. McL. Mathieson and
T. M. Sabine and to Drs S. W. Wilkins and T. J. Davis
for valuable discussions. I would also like to express
my appreciation to Drs G. N. Pain and T. J. Davis
and to Mr P. L. Francis for supplying samples and
helping with sample preparation. Support was pro-
vided under the Generic Technology component of
the Industry, Research and Development Act, 1986
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Abstract

In an earlier treatment [ Destro & Marsh (1987). Acta
Cryst. A43, 711-718], an attempt was made to predict
the shapes of high-angle 6-26 scan profiles by con-
voluting a low-angle profile with the presumedly
known spectral distribution function for the incident
(crystal-monochromatized Mo Kea) radiation but it
was found necessary to introduce a third com-
ponent, an ‘aberration function’, that varied with the
Bragg angle 6. It is shown here that the primary
purpose of the aberration function is to correct for
defects in the spectral-distribution function. In par-
ticular, the effective intensity ratio between the Ka,
and Ka, spectral lines can apparently deviate greatly
(by more than 10%) from the theoretical value of
0.499, depending upon the alignment of the mono-
chromator crystal, and an appreciable amount of
white radiation may also be present. By a suitable
modification of the spectral-distribution function,
high-angle scan profiles can be predicted from accu-
rate measurements of a low-angle profile; as a result,
scan-truncation losses can, for the most part, be
removed. However, modeling the spectral distribu-
tion function appropriate to a particular experiment
remains a difficult empirical procedure.

Introduction

The problem of scan truncation in single-crystal
diffractometry is well known: at even moderately high

* Contribution No. 8573.
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Bragg angles, the angular range in a typical 8-26 scan
is usually not large enough, owing to interference
with neighboring reflections, to encompass the entire
scan profile. Consequently, the tails beyond the scan
range are missing from the recorded intensity and the
measured backgrounds, being recorded within these
tails, are artificially large; if these backgrounds are
subtracted from the total scan intensities in the usual
way, the net intensities will again be systematically
underestimated. It appears that, taken together, these
two effects can lead to recorded intensities that are
too low, perhaps by 15% at 26 = 40° (Destro & Marsh,
1987; hereinafter, DM).

In an attempt to arrive at a simple procedure for
estimating the amount of this ‘truncation loss’ in a
particular experiment, DM considered the possibility
that the entire scan profile at any Bragg angle might
be predicted from a single profile measured at a very
low angle (where the entire profile can be captured).
In this development, DM first presumed that the
intensity profile at any angle is a combination (a
convolution) of two components: (1) a known 6-
dependent component, representing the emission
spectrum of the incident radiation; and (2) an
unknown 6-independent component, reflecting other
characteristics of the incident beam and the size and
mosaicity of the diffracting crystal. In principle, this
second, #-independent, component (which DM
called the ‘basic profile’) could be derived by decon-
voluting, from a measured low-angle profile, the
emission spectrum appropriate to that angle; indeed,
at a low enough angle (26 <10° or so), the emission
spectrum would be close enough to a delta function
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