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In lightly doped single crystal CdS illuminated with 4400 A radiation hole-electron pairs generated at
the surface diffuse into the crystal until the hole is trapped. The electrons experience multiple retrapping
until they disappear through recombination. Current noise and photoconductivity measurements are used
to study these processes. The noise data establish the ambipolar diffusion length as 30 microns, confirm
that diffusion is important though the appearance of a f~# trend in the noise spectra, and show that discrete
traps are located the same distance below the conduction band in the surface regions as in the bulk. Discrete
trap levels at 0.35, 0.40, and 0.43 volt below the conduction band are observed in the surface region. Trap
densities of 1016 traps/cm? volt, an order of magnitude greater than that in the bulk, are determined. The

trap frequency factors are of the order 101 sec™.

I. INTRODUCTION

N a previous paper,! hereafter referred to as I, we

have demonstrated how current noise measurements
coupled with photoconductivity data may be used to
derive important information about the energy distri-
bution and frequency factor of shallow traps in single
crystal CdS. This work used 5200 A illumination which
produces photoelectrons throughout the volume of the
sample and therefore yields results characteristic of the
bulk. In the present paper we extend the measurements to
include 4400 A illumination which, because of the large
absorption coefficient of CdS at this wavelength, gene-
rates carriers only at the surface and thus provides
information about traps and trapping kinetics in the
surface region.

Multiple trapping of photoelectrons in shallow traps
causes fluctuations in the conduction band carrier den-
sity which may be observed as current noise. Noise
measurements are capable of determining transition
rates under steady-state conditions. By varying the
illumination intensity the quasi Fermi level may be
moved through the trap distribution and the contribu-
tions of the various trap levels evaluated. In I it was
possible to derive trap escape probabilities from carrier
fluctuation measurements and use this information to
account satisfactorily for the observed noise spectra due
to both discrete trap levels and those having a continu-
ous distribution in energy.

Under 4400 A excitation electron-hole pairs produced
in the surface region diffuse a short distance into the
crystal by ambipolar diffusion before recombining. The
trapping kinetics in this surface region, approximately
one diffusion length deep, may be examined by the
techniques used in I. The observed noise spectra furnish
three important pieces of information in addition to
trapping and retrapping rates: they confirm that diffu-
sion occurs in that their shape is characteristic of diffu-
sion noise; they establish that the discrete trap levels
are located the same distance below the conduction band

* Supported by the Office of Naval Research.
17J.J. Brophy and R. J. Robinson, Phys. Rev. 117, 738 (1960).

_in the surface region as in the bulk; and they provide a

measure of the ambipolar diffusion length. It proves
possible to obtain good quantitative agreement between
the observed noise characteristics and those predicted
from trapping and diffusion processes.

II. EXPERIMENTAL TECHNIQUE

The same experimental technique as used in I was
applied here with the 5200 A interference filter replaced
by a 4400 A filter. The photoconductive time constant,
70, was determined oscillographically using a rotating
glass chopper which produced a 49, change in intensity.
At the lowest intensities it was necessary to use an
opaque chopper to realize sufficient signal. The conduc-
tion band lifetime, 7., was calculated using 7,=n¢/nL
where 7, is the conduction band electron concentration
determined from the conductivity and #y, is the electron
generation rate due to photon absorption which is ob-
tained from calibration of the light source with an
Eppley thermopile and an assumed unity quantum
efficiency.

Noise voltages appearing across a 1.25X 10* ohm wire-
wound load resistor were measured with a standard
tunable amplifier-voltmeter system and expressed as
current fluctuations. A single 1.35-volt mercury cell
supplied the current. The sample resistance was deter-
mined from the dc drop across the load resistor.

Two crystals taken from the same vapor phase
growth batch, lightly CuCl doped during growth, were
investigated. Sample dimensions were approximately
2.5 mmX2.5 mm0.3 mm for both crystals. They were
provided with low noise indium-soldered electrodes.

III. EXPERIMENTAL RESULTS

For comparison with the 4400 A illumination data,
two noise spectra for these crystals taken at 5200 A
which are similar to those found in I are shown in Fig. 1.
The dashed lines in the figure represent slopes of —1,
—3, and —2 and are included to facilitate comparison.
These data, as discussed more fully in I, show a f~2 be-
havior at low frequencies with a turnover below 10 cps
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Fic. 1. Current noise spectra of crystals No. 3 and 6 under
5200 A illumination. The dashed lines, representing slopesof —1,
—3%, and —2, facilitate interpretation of the curves.

and a f! trend at high frequencies (crystal No. 6) or
the appearance of a second relaxation frequency (crysta

No. 3) at about 1100 cps when the quasi Fermi level is
near 0.41 volt below the conduction band.
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F1c. 2. Current noise spectra of crystal No. 6 under 4400 A
illumination for three currents. The position of the quasi fermi
level (Er) for each curve is determined in Part III of the text.
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Spectra under 4400 A illumination at three currents
and for each crystal are shown in Figs. 2 and 3. In
Fig. 2 (crystal No. 6) the spectra are clearly % at low
frequencies and f~ at high frequencies for all currents.
The turnover frequency is again well below 10 cps.
Similarly in Fig. 3 (crystal No. 3) a low-frequency
turnover is followed by f~* behavior and two single
relaxation frequencies at 1300 cps and 5000 cps for 0.51
and 2.4 microampere currents, respectively. Anticipating
the,discussion to follow below, we see that these spectra
have either 1/f or discrete high-frequency relaxations
which depend on trapping transitions and which are
similar to those under 5200 A radiation. Similarly, a
low-frequency turnover is common to all spectra. The
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Fic. 3. Current noise spectra of crystal No. 3 under 4400 A
illumination for three currents. The position of the quasi Fermi
level (Er) for each curve is determined in Part IIT of the text.

change from f~2 to f~% behavior will be shown to be due
to diffusion of carriers into the crystal from where
they are produced on the surface in the case of 4400 A
illumination.

The photoconductive time constant, 7o, and conduc-
tion band lifetime, 7., for both crystals and both wave-
lengths are shown as a function of current in Fig. 4. The
data show that 7o1s about the same at both wavelengths
except at the higher currents, while 7. is considerably
smaller at 4400 A. The trends in 7, for crystal No. 3 are
interesting in that the curves are similar except that
the 4400 A data are displaced to lower currents.

Figure 5 shows the variation of low-frequency noise
with current for both crystals and both}wavelengths.



TRAPPING AND DIFFUSION

The data are presented in terms of carrier fluctuations,
(An?)/no, by the method used in I which will be dis-
cussed below. The peaks in the curves were shown in I
to be due to trapping effects as the quasi Fermi level
passes through the discrete trap levels. By comparing
the position of the peaks for both wavelengths, we notice
that the 4400 A curves appear displaced to lower cur-
rents by roughly an order of magnitude.

IV. INTERPRETATION

From published? optical absorption data, it is clear
that the 4400 A photons are absorbed and produce
electron-hole pairs in a depth of about 10~% cm. These
diffuse into the crystal until the holes are trapped. The
electrons experience multiple trapping transitions until
they disappear through recombination with the holes.
During the multiple retrapping electrons cannot stray
far from the region in which the holes have been trapped
because of charge neutrality considerations. Thus, under
4400 A illumination the active region of the crystal is a
thickness about equal to one ambipolar diffusion length.

TaBLE I. Thickness of active surface layer.

Thickness—
Crystal Method microns
3 Noise 31
Noise 22
Photoconductivity 20
6 Noise 30
Noise 33
Photoconductivity 22

If we assume for the moment that the discrete trap
levels are the same distance below the conduction band
in this surface region as in the bulk, an assumption that
will be confirmed experimentally below, then corre-
sponding peaks in Fig. 5 represent situations in which
the quasi Fermi level is the same distance below the
conduction band in the surface region as in the bulk.
Under this condition the thickness of the surface region
can be found from the ratio of the two currents and the
crystal thickness since the entire crystal is active under
5200 A radiation. In the data of Fig. 5 there are two
peaks for each sample which can be matched. These
yield values of the order of 30 microns as shown in
Table I. Also, the data of Fig. 4 determine trap density
distributions after the manner derived in I and discussed
below, and this purely photoconductive information can
be used for a similar matching. The shape of the trap
density distribution is independent of the thickness of
the surface region. Matching the position of the discrete
level peaks in the distributions yields the third entries
in Table I. These six values compare very favorably
with the ambipolar diffusion lengths recently reported?

2D. L. Dexter, J. Phys. Chem. Solids 8, 473 (1959).
3J. Auth and R. Ridder, Ann. Physik 2, 351 (1959).
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F16. 4. Photoconductive time constants, 7o, and conduction
band lifetimes, 7., of both crystals as a function of current for
4400 A illumination (open data points) and 5200 A illumination
(solid data points).

of 15 microns for unactivated crystals and 27 microns
for silver activated crystals, using direct distance meas-
uring techniques.

In order to confirm this picture, we turn to the noise
spectra. The spectra of Fig. 1 can be understood from
the analysis of I and previous work.*® The spectra is
made up of two components, a relaxation spectrum,
7o/ (1+w?r¢?), corresponding to electron recombination
transitions which is characterized by the time constant
79 and which dominates at low frequencies, plus a re-
laxation spectrum characterized by a time constant
related to trapping transitions and which is important
at high frequencies. If the traps are distributed expo-
nentially in energy, it is possible to generate a 1/f
spectrum at high frequencies (see I). Discrete traps
show up only when the quasi Fermi level is nearby be-
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F16. 5. Variation of the low-frequency noise, expressed in terms
of carrier fluctuations, as a function of current for 4400 A illumi-
nation (open data points) and 5200 A illumination (solid data
points).

4K. M. Van Vliet et al., Physica 22, 723 (1956).
5 K. M. Van Vliet and J. Blok, Physica 22, 525 (1956).
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F1G. 6. Energy distribution of traps in the bulk and
in the surface region for crystal No. 6.

cause of occupancy considerations and they then yield
a high-frequency relaxation ‘“bump” in the spectra.
Both high-frequency behaviors are shown in Fig. 1 for
the two crystals. In particular, crystal No. 3 shows the
presence of a discrete trap with a relaxation frequency
of 1100 cps located 0.41 volt below the conduction band.

In Fig. 3 we again see evidence for a discrete trap
with a relaxation frequency of 1300 cps at a photocur-
rent of 0.51 microampere. Using the thickness given in
Table I this current corresponds to a quasi Fermi level
position in the surface region of 0.40 volt below the
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Fic. 7. Energy distribution of traps in the bulk and
in the surface region for crystal No. 3.
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conduction” band, in excellent agreement with Fig. 1.
Since the time constant associated with this trap de-
pends on its depth below the conduction band, these
data clearly establish that the trap depth in the surface
region is the same as that in the bulk. In Fig. 3 another
relaxation phenomenon at 5000 cps is evident at 2.4
microamperes. This current corresponds to a depth of
0.36 volt, again in good agreement with the known
position of a discrete level (compare I and Fig. 7, below).
Finally, the ratio of frequencies of these two discrete
levels should depend exponentially on the difference in
their energy depths. We find that 5000/1300=3.8
~exp(0.4-0.36)38.6=4.7, which in good agreement
considering that the particular currents chosen may not
have put the quasi Fermi level exactly at the trap depth.

The f~% behavior of the spectra at 4400 A is evidence
for diffusion noise,® which is additional confirmation of
the picture presented. The diffusion noise phenomenon
is discussed quantitatively in Part VI.

On the basis of this information we believe the picture
presented above is correct and that the noise and photo-
conductive measurements at 4400 A are characteristic
of a region 30 microns thick on the surface. Since this
distance is considerably greater than the thickness of
any presumed semiconductor surface barrier region, it
is perhaps not surprising that, for example, the trap
depth is the same here as throughout the bulk. However,
as shown below, the trap density and frequency factors
are different here than in the volume.

V. TRAP CHARACTERISTICS

The techniques used to determine the trap distribu-
tion in energy and the trap frequency factors as derived
in T may be directly applied here. The pertinent rela-
tions used are summarized in Table II for convenience.
A surface region thickness of 25 microns was assumed
for these calculations.

The trap energy distribution is calculated from the
photoconductivity data alone, as shown in Table II,
using the data of Fig. 4. The results are shown in Figs. 6
and 7 for crystals No. 6 and No. 3, respectively. The

TaBLE II. Summary of equations.

Trapped electron concentration, ho=mno(To—T1c)/7c
Carrier fluctuations, {An?) /no= (m—+1)
Trap energy density, N (Er)=dho/dEr
Trap frequency factor,

S(Er)= (No/N)L(m/7e)/kT+d(m/7c)/dEr]

no=conduction band carrier density
To=photoconductive decay constant
7e=conduction band lifetime

m=average number of times trapped
Er=quasi Fermi level position above valence band
N.=conduction band state density

where

§M. Lax and P. Mengert, Second Conference on Semicon-
ductor Surfaces, Naval Ordnance Laboratory, December, 1959
(unpublished).
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trap densities in the surface region are about an order
of magnitude larger than those in the bulk, but there
are other features in common. All curves show the
presence of a strong level near 0.36 volt and crystal
No. 3 also has a level at 0.40 volt which appears in both
the surface and bulk. Crystal No. 6 has this level on the
surface but only a slight suggestion of it in the bulk.
Both crystals seem to have an additional discrete level
at 0.43 volt on the surface which is not evident in the
bulk. Thus, there is considerable correlation between
the trap concentrations in the bulk and on the surface,
as well as significant differences.

Calculation of the trap frequency factor brings in the
noise data through the average number of times trapped,
m, which is determined from the carrier fluctuations. It
should be emphasized here again that these data are
derived from low-frequency noise measurements alone.
The current noise density, S;, on the low-frequency
plateau determines m. The frequency factors for the
crystals are shown in Fig. 8. The frequency factors
are smaller in the surface region than in the bulk.
However, here again similarities exist in structure of
the curves. While there can be some question as to
the reliability of such structure since the calculated
frequency factors are the result of two graphical
differentiations, the consistency with which the struc-
ture appears in the data appears to be significant.
Each peak in the S(E) curve corresponds to a discrete
trap level.

With regard to the magnitude of S(E), these values
are larger than those derived from thermally simulated
current measurements,” but appear to be in agreement
with those obtained from photoconductivity experi-
ments.® In comparing the present surface and bulk
values, it should be noted that S(E) involves division
by N Thus, if the N, values for the bulk were small
for any reason the S(E) would be large. In computing
the bulk values, it is assumed that the traps are uni-
formly distributed throughout the volume. If the traps
were concentrated in the surface regions, a low value
for N, would result (see Figs. 6 and 7). Thus these
results may suggest that the traps are predominantly
in the surface regions.

TaBLE IIIL Frequency at which trapping noise
appears (crystal No. 6).

Position of quasi Fermi level below
conduction band—volts

0.351 0.374 0.411
70 6.5 X1078 sec 7.3 X1073 sec 1.5 X102 sec
Te 1.4 X104 sec 1.8 X107¢ sec 4,0 X10™¢ sec
m+1 60 45 27
P2 8.6 X10% cm™ 3.1 X104 cm™ 7 X10%cm™#
7o 3.9 X101 cm™8 1.6 X101 cm 3 3.9 X102 cm™3
v=m/7e 4.3 X105 sec™t 2.5 X106 sec™! 6.7 X104 sec™?
g =m/(10—17c) 9.4 X108 sec™? 6.3 X103 sec™? 1.8 X108 sec™?
fa (calculated) 890 cps 590 cps 200 cps
fa (experimental) 800 cps 550 cps 200 cps

7R. H. Bube, J. Chem. Phys. 23, 18 (1955).
8 K. W. Boer and H. Wantosch, Ann. Physik 2, 406 (1959).

595

FREQUENCY FACTOR, S, SECONDS™!

1
0.3 0.4 0.5
DEPTH BELOW CONDUCTION BAND, VOLTS

F16. 8. Frequency factor of traps in the bulk and
in the surface region for crystals Nos. 3 and 6.

VI. DIFFUSION NOISE

The f~% behavior of noise spectra dominated by diffu-
sion effects has been predicted,® together with the re-
mark that the diffusion contribution is difhcult to
observe in the absence of trapping. We have already
noted how the diffusion noise characteristics of the
spectra confirm the picture of processes in the surface
region in the case of CdS. Furthermore, the data inde-
pendently show the presence of multiple trapping, as
required.

According to Lax® the frequency at which the re-
trapping noise should start to contribute (thus the
high-frequency limit to the f~* behavior) is given by

wa=[(Dv)bva/nL J},

where D is the diffusivity, » is the trapping rate, v, is a
parameter involving » and the trap release rate, 4’ is a
parameter related to the trapped electron concentration,
n is the carrier density, and L is the distance between
electrodes. This expression is evaluated in Table III for
conditions pertaining to crystal No. 6 under which the
spectra of Fig. 2 were measured.

Using Fig. 2, experimental values for the frequency
at which 1/ f noise begins were obtained from the inter-
section of the extrapolated f~% trend to the extrapolated
f7 trend. Comparison of the last two lines of Table ITI
shows very satisfactory agreement between predicted
and observed values.

We must also be concerned with the low-frequency
limit of the f~% behavior to be sure that diffusion noise
does not interfere with calculation of carrier density
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fluctuations from low-frequency noise measurements.
The frequency of the lower limit of the § power law is
given by Lax as 2I?/r¢D which, using the data of
Table III results in values of 80, 70 and 17 cps. These
are sufficiently far above the lower turnover frequency
due to 7o to justify the procedure. Unfortunately, the
experimental data are not sufficiently extensive in this
region to allow an experimental estimate of these fre-
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quencies for comparison. However, the spectra are not
inconsistent with these values.
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The properties of the low-lying states of the antiferromagnetic chain are studies by means of a variational
method. A trial wave function is exhibited which has an energy very close to that of the correct ground

state and which displays a long-range order.

I. INTRODUCTION

E are concerned, in the present work, with a

system of V atoms of spin § arranged on a line

and coupled together by an interaction described by
the Hamiltonian operator

H=3J % (oj:0541—1). (1)

The quantity J is the exchange integral and is positive
for an antiferromagnetic lattice. The operator o; is
the Pauli spin operator associated with the jth atom
in the line. The sum over j extends over all the atoms
in the system.

Several authors'— have examined this problem by a
method that consists in writing the Hamiltonian (1) in
terms of anticommuting operators. The expression (1)
can be written in the form

H=H,t+H;, (2)
where
Ho=2_ e(k)n* (k)n(k), (3)
and
H,= ZJN_lk kzk . v(kikokska)n™® (k1)n(ko)n* (ks)n(ks), (4)
with
e(k)=—2J (1—cosk), %)

* Supported in part by the U. S. Atomic Energy Commission.
On leave of absence from the Rijksuniversiteit, Utrecht,
The Netherlands.
1Y. Nambu, Progr. Theoret. Phys. (Kyoto) 5, 1 (1950).
2 1. Syozi, Busseiron-Kenkyu 39, 55 (1951).
3 K. Meyer, Z. Naturforsh. 11a, 865 (1956).
4S. Rodriguez, Phys. Rev. 116, 1474 (1959).

and
v(k1k2k3k4) = eXpD (kl'— kz)]z (kl— k2+k3" kg) (6)

The wave number % takes the values 27n/N, in which
n is an integer and where two wave numbers % and £’
differing by an integral multiple of 27 are to be con-
sidered identical. The symbol A(k) is unity when % is
zero or an integral multiple of 27, and zero otherwise.
The operators 7*(k) and 5(%) satisfy the anticommuta-
tion relations characteristic of operators representing
the creation and destruction of Fermi particles, i.e.,
we have

{n*(R)m* (k") } = {n (k) ;n (')} =0, Q)

and

{r*(B) (k") =A(k—E"). ®)

The operator (2) has been discussed in more detail
elsewhere.* It will be sufficient here to remark that, as
the ground state is a singlet,® we need only consider
states in which there are N/2 Fermi particles present.
This is immediately understood by looking at the

identity
Zen*(k)n(k)=3N+3 25 05%. ®

The ground-state energy of (1) has been calculated
exactly by Hulthén® using a method invented by Bethe.”
Approximations to the ground-state wave function,
using the variational principle have been given by

5 W. Marshall, Proc. Roy. Soc. (London) A232, 48 (1955).
¢ L. Hulthén, Arkiv Mat. Astron. Fysik 26A, No. 1 (1938).
7H. A. Bethe, Z. Physik 71, 205 (1931).



