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The temperature dependence of the dc electrical conductivity (300-30°K) and the optical transmission
(300-109°K) of plastically deformed CdS crystals have been measured for samples deformed up to 25%.
The results yield further evidence for the existence of dislocation energy bands located at energies within 0.3
eV of the valence-band top. A simple band model is presented to describe the observed properties of this

system.

I. INTRODUCTION

In a region surrounding a dislocation, the
periodicity of a crystal lattice is disturbed.

Since the electronic band structure of a crystal
depends on the translational invariance of the
lattice, a disturbance of this symmetry by the
introduction of a large number of dislocations
into the crystal, for example, by plastic defor-
mation, may have a significant effect on its elec-
tronic transport and optical properties. Such
changes can be attributed to special features of
the electronic states in regions around disloca-
tions,!”8

Experiments on deformed CdS by Elbaum®
showed the existence of a strongly anisotropic
conductivity, the highly conducting direction
being parallel to the direction of screw disloca-
tions produced by the deformation. Although
screw dislocations do not have unpaired bonds,
calculations by Emtage’® have shown that elec-
trons and holes may be bound to dislocations by
a deformation potential'! resulting from the elas-
tic stress field of a dislocation. In addition to the
anisotropic conductivity found by Elbaum® he
noted that the temperature dependence of the con-
ductivity along the highly conducting direction
was suggestive of a Peierls-type transition'?
from a metallic to a semiconducting state as the
temperature was decreased.

In the present work the optical and electronic
transport properties of two different undeformed
and several deformed CdS crystals were mea-
sured. A band model formulated earlier accounts
for the observed changes in these properties as a
result of deformation.

II. EXPERIMENTAL METHODS

 The samples used in these studies consisted
of single crystals of CdS grown by the vapor depo-
sitionprocess by the Eagle Picher Co. Althoughnot
intentionally doped, all of the samples contained
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significant amounts of defects and/or impurities
as seen from their dc conductivity and optical
transmission (below). Initial orientation was
obtained from x-ray Laue backscattering photo-
graphs. The specimens were then cut from large
single crystals (~3 cm?®) into rectangular paral-
lelepipeds, measuring approximately 3 X4 X5
mm, along the [4510], [0001], and [2130] direc~
tions, respectively.

The plastic deformation was accomplished at a
temperature sufficient to facilitate slip; a uni-
axial stress was applied along the [4510] direc-
tion, as described earlier.® The strain was
measured by the percent decrease in sample
thickness in the direction of the applied stress
(Table I).

After deformation the samples were observed
with an optical microscope. x-ray Laue back-
scattering photographs were taken for repre-
sentative samples to determine the nature of the
slip processes which had occurred. To accom-
plish this, consistency was sought between the
possible slip process and the rotation of the Laue
spots, which resulted from deformation.

Measurements of the electrical conductivity
o(T') (in the dark) were made by the two-point
probe method,®!? using a Keithley electrometer
(Model 610A). Earlier experiments had demon-
strated that the results of this method agreed
with those found by the four-point probe method
whenever the contacts showed ohmic behavior.®
Measurements of the Hall constant and determina-
tion of majority carrier type were made for one
of the undeformed samples (CdS 0%, batch II),
along the [0001] and [2130] directions at 297°K
and T7°K.

The optical transmitted and reflected inten-
sities of the samples were obtained using two
spectrometer systems. A rapid-scanning Fourier-
transform spectrometer (FTS-14, Digilab) was
used in the far-infrared (far-ir) region of the
spectrum, 0.0062-0.37 eV; and a dual beam
spectrometer (Cary 17) in the near infrared
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TABLE I. Deformation parameters for samples of CdS.

Full stress tp
Samples % def. Area (mm?) (kg/mm?) Tp (°C) (min)
Batch I )
Cds 1 25 16.96 3.18 607 20
Cds 2 25 16.87 3.11 605 20
Batch II
CdS B 11 17.14 2.10 598 20
Cds C 21 15.05 3.19 . 598 20
CdsS D 22 15.15 3.19 605 60

(near ir) through the ultraviolet (uv) regions of
the spectrum, 0.496-3.82 eV. In order to obtain
spectra free of the effects of diffuse surface scat-
tering of the beam, the samples were polished
with a series of Buehler Al,O, powders suspended
in distilled water (12.0, 5.0, 1.0, 0.3, and 0.05-um
grit size) prior to measurement of the transmis-
sion or reflectivity spectra. For temperature-
dependent measurements, spectra were taken
during the cooling cycle, the rate being about °
5°K/min for temperatures above 150°K, and as
slow as 1°K/10 min below about 120°K. When

the cooling was rapid, the temperatures were
recorded at evenly spaced wavelength intervals
during a scan.

III. EXPERIMENTAL RESULTS
A. CdS-Batch I

The undeformed samples of CdS batch I were
characterized by a uniform yellow color and an
isotropic dc electrical conductivity (in the dark)
having a magnitude on the order of 107¢ (Qcm)~?!
at room temperature.

Deformation resulted in an elongation in the
[2130] direction, contraction in the [4510] direc-
tion and less than a 0.5% change in length along
the [0001] direction. From the rotation of Laue
spots after deformation, it was determined that
the deformation of the CdS samples was con-
sistent with glide on the (1100) planes in the
[1120] direction. This deformation produces edge
dislocations along the [0001] direction and screw
dislocations along the [1120] direction.’* A non-
uniform coloration seen in the deformed samples
had the appearance of reddish-brown spots near
the corners of the (0001) face, with a nearly
continuous, lighter smearing of this color con-
necting diagonally opposed spots. When viewed
along the [4510] direction with a polarizing filter,
this coloration is only visible for light polarized
parallel to the [2130] direction.

After deformation extensive changes were found
in the dc conductivity of these samples.® Along
the [2130] direction ¢ had increased to 3 (2 cm)™*
at room temperature and its temperature depen~
dence showed a transition from a metallic to a
semiconducting state at 125°K. The conductivity
along the [4510] and [0001] directions remained
unchanged at room temperature, but decreased
monotonically as the temperature was lowered
so that at 125 °K the anisotropy in the conductivity
was in excess of 108, These features were found
to remain unchanged two years after the deforma-
tion was carried out.

Figure 1 shows the results of far-ir reflectivity
measurements at room temperature for CdS 2
(25%), in the range 85~10° cm™!, for light polar-
ized parallel to the [2130] [Fig. 1(a)] and [0001]
[Fig. 1(b)] crystallographic directions. Similar
results were found for the undeformed sample.
The most noticeable feature in these plots is the
reststrahlen band in the 200~300 cm™! region
which is due to lattice absorption by transverse
and longitudinal optical phonons.!® Results simi-
lar to those presented in Fig. 1 were also seen
for the reflectivities of both samples of this batch
at 80°K, the only change in the spectra being a
sharpening of the reststrahlen band edge. At
higher photon energies transmission measure-
ments of the samples of batch I show a continuous
increase from 5% at 600 cm™! to 80% at 14260
cm™!,

The room-temperature polarized transmission
spectrum of CdS 1 (25%) in the visible region of
the spectrum is presented in Fig. 2. The trans-
mitted intensity, for light polarized parallel
T, and perpendicular T, to the (hexagonal) ¢ axis
show the birefringence due to the crystal field
and spin-orbit splitting of the I'; and I'y valence
bands. In the 2,03-2,40-eV region T, has a
broad absorption knee. Measurements of the
transmission at other polarization orientations
show that the depth of this knee is maximum for
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T,. It does not appear in the undeformed samples
of CdS or in other studies of the transmission of
CdS in this spectral region'®; however, it has
been seen to have the same shape and location in
similarly deformed samples of CdS.!”

B. CdS-Batch II

A second batch of CdS crystals was prepared
starting with a different single crystal from that
used for CdS batch I. The dc electrical conduc-
tivity of one of the undeformed samples of this
batch, CdS A (0%),.is shown in Fig. 3. The
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FIG. 1. Room-tempera-
ture far-ir polarized re-
ﬂectivi’_cies of CdS 2, batch
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values of the conductivities of this sample along
the [2130] and [0001] directions are 0.15 and
0.36 (£ cm)™!, respectively, at room tempera-
ture. This anisotropy is within the uncertainty
of the wetted areas of the contacts. The temper-
ature dependence of 0 may be divided into two
parts. Above about 140°K, o decreases with
temperature as 77", with n being 1,0 and 1.4 for
the [2130] and [0001] directions, respectively.
For both directions, o goes through a maximum
at 115+ 5°K, and for temperatures below 115°K,
0 decreases exponentially with decreasing tem-
perature as O‘Oe'AIkBT, with the activation energies

3.0 5
) CdS# A (0%)
o o
o —[2130
2.5 ° [20]
- ° —[000
° T Op3gR97°K)=.147
2.0 ‘ Opauon297 %K) =356
o(m o
o
O (297°)
1.5
o
Q
1.0 o 9
0,5
0.1
0.0 L 1 t t t T
0 50 100 150 200 250 300

T (°K)
FIG. 3. Normalized de electrical conductivity of CdS
A, batch II. Solid circles, [2130] direction; open circles,
[0001] direction. ’
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TABLE II. Summary of the conductivity measurements of CdS batch II. Values of ¢ are in

@ em)~l; T=296°K.

Sample No. A(eV) A(eV)
(% deformation) Oa130) 7 0001) OL4510] Ty (°K) [2130] [0001]
cdsA (0%) 0.147 0.356 115+« 5 0.017 0.020
Cds B (11%) <1077 <1072 <10772 oo oo e
CdS C (21%) 0.0136 0.0070 <1063 13010  0.017 0.015
CdS D (22%) 0.048 0.0071 2.3x107¢  130x10  0.015 0.012

# Nonohmic contacts prevented more than an order of magnitude estimate of o.

being A 407 =0.020 eV and A ,,5,;,0.017 eV.
The Hall effect in this sample was also measured
at room temperature and at 77°K, along the
[0001] and [2130] directions, since the contacts
used for measuring ¢(7) were ohmic. At both
temperatures and along both directions it was
found that the majority carriers were electrons.
The carrier concentration, » (cm™3), and elec-
tron Hall mobilities, p, (cm?/Vsec), were found
under the assumption that only electrons con-
tribute to the observed conductivity for this
sample, #n>>p. The results are: n,, g~ 2 X 10';
Ay k= TX 105 Uy, k= 60; oy, = 500.

In the far-ir region of the spectrum, polarized
reflectivity for 50-200 ¢cm™! and unpolarized
transmission and reflectivity in the 400-2800
cm™! region were measured at room tempera-

- ture for CdS A (0%). The reflectivity plots for
50-10° em™! show no differences from the results
presented in Fig. 1. From 1000-2800 cm™! the
unpolarized reflectivity is nearly constant,

20+ 4%, with no apparent structure. The corre-
sponding transmitted intensity in this region in-
creases from less than 5% at 600 cm™! to 40%

at 2000 cm™, A continuation of the transmission
through the near ir shows a continued smooth
increase to about 80% at 7000 A (1.77 eV). Polar-
ized transmission and reflectivity of CdS A (0%),
in the visible region of the spectrum (7000-

4000 A) have been reported earlier.!* Estimates
of the energy gap 2.38 eV and the crystal field
and spin-orbit splitting of the I'y and upper T,
valence bands, 0.016+0.002 eV, are obtained
from an extrapolation of the transmission curves
(for transmissions less than 10%), to the v
axis. Previously reported values for these pa-
rameters at 297°K are 2.43 and 0.015 eV, re-
spectively.'®

Deformation of CdS batch II was similar to that
of CdS batch I. Investigations of the 11% and
21% and 22% deformed samples of CdS batch II
revealed no significant changes in the far- and
near-ir properties from that seen in CdS A (0%).
However, significant changes were observed in

the electronic transport and visible range optical
properties of the deformed samples.

The characteristics of the dc electrical con-
ductivity of all of the CdS samples of this batch
are summarized in Table II. Because of non~
ohmic contacts in all directions in the 11% de-
formed sample, and along the [4510] direction
in the 21% and 22% deformed samples, the con-
ductivity could only be estimated. The maximum
value for ¢ was-chosen from the smallest re-
sistance measured, this occurring for the largest
applied current, i.e., 10°7 A. The plots of o(T")
for the 22%_def0rmed sample are presented in
Fig. 4. It can be seen from these plots and from
Table II that after deformation there are several
Significant changes in the conductivity from that
observed in the undeformed sample; (i) the tem-
perature of the conductivity peak, T,, has
shifted from 115 to 130°K in the 21% and 22%
deformed samples; (ii) for both the [ 2130] and
the [0001] directions the activation energy for
the conductivity decreases monotonically with the
amount of plastic strain; (iii) the conductivity
along the [4510] direction has decreased to
2.3 X107 (2 cm)™! at 297°K; (iv) at 130°K the
anisotropy is approximately 10%

The results of room-temperature polarized
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FIG. 4. Normalized dc electrical conductivity of CdS
D,batch TI. Room-temperature values of o are in
(Q cm)-t.



2996 P. MERCHANT AND C. ELBAUM 19

21%def. CdS#C

Elc

40

20

hviel 248 238 230 221 214 207 200 194 ’1.88 1.82

FIG. 5. Temperature—dep_xgndgnt polarized transmis-
sion of CdS C, batch II for E L c.

transmission and reflectivity measurements in
the visible region of the spectrum for the un-
deformed, 11% and 21% deformed samples of
this batch of samples have been presented
earlier.®
narrowing of the energy gap by 0.1 eV in the
deformed samples as reported by Klassen and
Osip’yan.'” Finally, for CdS batch II, the tem-
perature dependence of the transmission of the
21% deformed sample for light polarized parallel
to the [2130] direction is shown in Fig. 5. Note
that the knee in the transmission occurring in the
2.1-2.3 eV region at 296°K becomes larger as
the temperature is decreased; and that below

the transition temperature for the conductivity,
130+ 10°K, the transmission on the low-energy
side of this knee increases by about 10%.

IV. DISCUSSION OF RESULTS

A. CdS-Batch I

From the conductivity measurements on the
undeformed samples of this batch it is known
that there exist in the fundamental gap defect
states which determine the electrical properties

of these samples. The isotropy of the conductivity

indicates the absence of a significant excess den-
sity of dislocation lines along any particular di-
rection in the undeformed samples.

Inanearlier Letter,’ it was proposed that
during deformation these samples acquired the
characteristics of a pseudo-one-dimensional
system. From an assumed screw dislocation
density of 10'° lines/cm® and dislocation radius
of 5X 1078 cm, the conductivity along the screw

We wish to add that there is no observed

dislocations was estimated to be on the order of
10° (R em)™* at 125°K. The magnitude and tem-
perature dependence of this conductivity is
therefore similar to that seen in the highly con-
ducting organic complexes K,Pt(CN),Br, ; ° (H,0),
(KCP),'8 and tetrathiafulvalenium-tetracyano-
quinodimethanide (TTF-TCNQ).!® Optical ex-
periments on KCP,'®2%2! apnd TTF-TCNQ,?%'23
have shown that above the transition temperature
the metallic conduction is also evident as a
highly anisotropic reflectivity for photon energies
below the plasma edge.!®2°"2 Therefore, similar
effects were looked for in the deformed CdS
samples of this batch. In addition, if a Peierls
gap opens in the screw dislocation band at low
temperatures, it may be observable by inter-
band transitions across this gap, which for our
samples was estimated to be ~0.015 eV
(123 cm™t).2¢

A comparison of Figs. 1(a) and 1(b) shows that
for CdS 2 (25%) the anisotropy in the reflectivity

is 1,0+ 0.2 throughout the 85-10% cm™ region,

much less than that seen for the KCP and TTF-
TCNQ complexes. This fact suggests that either
the plasma edge for carriers in the dislocation
band is less than 0.010 eV (85 cm™!), implying
a corresponding carrier density » <8 X10'® cm™3
in this band, or that, due to the small volume
fraction of dislocations, Vp, in this crystal
(Vp<107* of the total crystal volume for the dislo-
cation density and radius assumed above), the lat-
tice absorption of the bulk material dominates the
far-ir properties of these samples. Measurements
of the optical properties of these samples in the
4000-7000 A region (below) seem to rule out the
former interpretat'ion. From reflectivities of
these samples taken at 80°K for the same polar-
ization and spectral region, again there was no
evidence of interband absorption across a Peierls
gap in the 123-cm™! region.

The most direct evidence for the existence of
a dislocation band in deformed CdS is the knee
in the T, curve of Fig. 2. Since it does not
appear in undeformed CdS, it is obviously con-
nected with the deformation process and perhaps
with transitions of holes-or electrons from the
dislocation band to'the valence or conduction
band. The calculated absorption coefficient for
this knee is on the order of 10 cm™! compared
to values on the order of 10% to 10° ecm™! for
direct valence to conduction band transitions.
If the densities of initial and final states scale
accordingly for these two transitions, then a
density of states of 10'°~10%° cm™2 contributes
to the knee absorption. Note that this density
is much greater than that expected if the plasma
edge is below 0.010 eV (85 cm™!) in the far ir.
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B. CdS-Batch II

As for the undeformed samples of batch I, the
observed conductivity for the undeformed sample
of batch II is suggestive of a thermal activation
of carriers from impurity or defect levels into
a conduction band. The portion of the curves
(Fig. 3) for T>115°K is suggestive of phonon
and impurity scattering effects for normal band
conduction, i.e., the 7' dependence of 0. From
additional electronic transport properties of this
sample, listed previously, two featuresare ap-
parent. (a) The carrier concentration in this
sample changes only by a factor of about 4 from
77 to 298°K, which is indicative of an excitation
of carriers from a series of levels close to the
conduction band. (b) The low Hall mobility of
these carriers?® is also indicative of extensive
impurity scattering. '

An idea of the distribution of the impurity and/or
defect states in the gap of the undeformed samples
can be found from the far-ir-near-ir transmis-
sion of CdS A (0%). From the smooth increase
in transmission from 5% at 600 cm™* to 80% at
14260 cm™! it appears that the optical absorption
decreases as the photon energies increase below
the gap energy, indicating that the population of
impurity and/or defect states is larger near the
band edges than it is near the middle of the gap.
The transmission measurements of this sample
in the visible region,'® show that in the 2.0~2.38
eV range the transmission decreases rapidly as
the gap energy is approached, as expected for a
distribution of unoccupied donor and occupied
acceptor states located near the band extrema.
The facts that the electrical conductivity has
an activation energy of 0.017-0.020 eV and that
the large increase in optical absorption occurs
in the range 2.0~2.38 eV imply that the acceptor
levels occupy a region within ~0.40 eV of the
valence band.

The changes in the electrical conductivity of
the deformed samples of batch II, shown in
Table II, indicate a significant change in the
electronic transport properties resulting from
plastic deformation. Of the features listed in
Sec. III above (i) and (ii) suggest that there has
been a change in the level spacing or carrier
population in the impurity or defect levels below
the conduction band; however, the small con-
ductivity of the 11% deformed sample and the
measured anisotropy, cannot be explained by
such a small shift in shallow state energies. A
more likely explanation is that during deforma-
tion, dislocations are produced which have ac-
ceptor levels near the valence band top. As the
dislocation density increases, so does the com-

pensation of the donor levels by these acceptors.
The emptying of the donor levels then lowers the
conductivity as seen in the 11% deformed sample.
Further deformation results in a further increase
in the dislocation acceptor state density and a
further filling of these states, leading to a band
formation and conduction along the screw and
edge dislocations for sufficient electron densities
in the dislocation bands.

Further support for this model comes from the
polarized transmission and reflectivity spectra
of the 11% and 21% deformed samples in the
visible region of the spectrum. As mentioned
earlier,'® the major changes after deformation
are the broadening of the absorption edge and the
appearance of a knee in the T, curves in the 2,1-
2.3 eV region in the deformed samples, similar
to those seen in Fig. 2 for the 25% deformed
sample of batch I. Of particular interest is the
scaling of the absorption of the 2,1-2.3 eV region
with the amount of plastic strain and hence a
monotonic dependence of this absorption on the
dislocation density.'®* From the temperature de-
pendence of T, for CdS C (20%), shown in Fig. 5,
the following interpretation is suggested. The
width of the knee, and its growth as the tempera-
ture decreases are similar to those seen for
phonon broadening of impurity levels.2® The de-
creased absorption below the low-energy side
of the knee upon lowering the temperature, may
be interpreted as the freezing out of carriers from
acceptor levels which take part in transitions to
the conduction band at high temperatures.

A band structure model which consistently de-
scribes all of the above effects is presented in
Fig. 6.

In this model we assume unoccupied acceptor

undeformed
[oool],[2130] deformed
[2130] - [o001]
-2.42
-—ﬁ— T8 | 83— 240
= | ===
— —0— | —o0—
— _——— o (eV)
B — °T-_ Loz
—@—@— [ lucihiRd® |~ i——‘ =004
77z —+0.00
Z L L

FIG. 6. Proposed band model for undeformed and de-
formed CdS at the I point (¢=0). Open circles represent
unoccupied donor and acceptor levels within the gap.
Closed circles represent occupied states.
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levels located at-energies above the dislocation
band top unlike in an earlier model.'* Before
deformation, these acceptor levels are occupied
and therefore contribute to optical absorption
in the 2.0-2.4 eV region. After deformation -
they serve as a mechanism by which the disloca-
tion bands can be partially emptied by thermal
excitation, allowing conductivity to occur in the
(unfilled) dislocation bands at high temperatures.
Since these levels are separated from the valence
band by ~ 0.3 eV, their effects on the conductivity
along the [4510] direction is minimal,

In conclusion, the changes in the electronic
transport and optical properties of CdS resulting

from plastic deformation have been described

in terms of a model in which dislocation energy
bands are created during the deformation process.
A screw dislocation band has been found to lie
between approximately 0.04 and 0.27 eV above

the valence band top and an edge dislocation band
has been found to lie at slightly lower energies.
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