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Electric-field-enhanced persistent photoconductivity in a Zno o2Cdo 9sTe semiconductor alloy

J. Y. Lin*
Department ofPhysics, University ofNorthern Iowa, Cedar Falls, Iowa 50614

A. Dissanayake and H. X. Jiang
Department ofPhysics, Kansas State University, Manhattan, Kansas 66506-2601

(Received 23 July 1991;revised manuscript received 22 April 1992)

Persisent photoconductivity (PPC) has been investigated in a Znp 02Cdp 98Te semiconductor alloy. A
transition from a photoconductivity phase to a PPC phase has been observed and a coexistence curve
that separates these two phases has been obtained. We find that such a transition can be controlled by
the bias voltage and excitation photon dose. The relaxation of PPC is found to follow a power law,
Ippc(t) ~ t . The decay parameter a is obtained as a function of the bias voltage, which shows that the
carrier decay rate decreases almost linearly with increasing bias voltage in the PPC phase. A possible
mechanism is the presence of random local-potential fluctuations in the sample, which strongly influence
the carrier transport properties. The fluctuations could be induced either by alloy disorder or impurity
compensation.

I. INTRODUCTION

Persistent photoconductivity (PPC), light-induced con-
ductivity that persists for a very long period of time after
illumination, has been observed in a wide variety of semi-
conductors. Recently, there has been a considerable
amount of experimental and theoretical effort directed to-
wards the understanding of PPC. However, a full under-
standing of PPC in different materials is still lacking.

Most studies of P PC have concentrated on
Al„Ga, As, in which the DX center that undergoes a
large lattice relaxation is believed to be the origin of
PPC. ' In these materials, PPC results because recapture
of electrons by DX centers is prevented by a capture bar-
rier at low temperatures. The nature of the DX center is
under intensive investigation. Consequently, PPC is
very often taken as evidence for atomic defect centers in
semiconductors that have unusual properties. Nonethe-
less, it has been shown that PPC could be caused by in-
terface barriers in heterojunction materials. ' Previous
work on impurity-doped and compensated semiconduc-
tors has also indicated that random local-potential fluc-
tuations (RI.PF) caused by an impurity distribution could
be another cause for PPC. '

Recently, PPC also has been observed in nominally un-
doped Zno 3Cdo &Se and CdSD 5Seo &

II-VI semiconductor
alloys. " A phase transition in the PPC mode at a critical
temperature Tc, at which the stored charge carriers ex-
perience a phase transition from localized to delocalized
states, has been observed. Contrary to Al„Ga, As,
PPC in II-VI semiconductor alloys can be quenched opti-
cally by far infrared radiation. ' These experimental re-
sults indicate that the carrier transport properties in II-
VI semiconductor alloys are strongly influenced by
RLPF. It was shown theoretically that compositiona1
fluctuations in II-VI semiconductor alloys can produce
band-edge fluctuations and hence energy band tails. ' As

a consequence, excitons can be localized by RLPF, which
has been observed in CdS Se& „and Zn, Cd, „Te. '

Therefore, it is plausible that PPC in some nominally un-

doped II-VI semiconductor alloys is a consequence of the
spatial separation of the photoexcited charge carriers by
RLPF induced by alloy disorder. On the other hand, it is
also known that RLPF exists in highly compensated
semiconductors. ' Due to the presence of RLPF, which
could be induced either by alloy disorder or impurity
compensation, low-energy electrons are localized in the
sites of the potential minima and are spatially separated
from the photoexcited holes because the potential mini-
ma for electrons are the potential maxima for holes. This
causes the photoexcited charge carriers to have a long
recombination lifetime. The charge transport occurs ei-
ther via activated electron hopping between the localized
states or by activating electrons into the states above the
mobility edge, while holes remain localized because of
their heavier mass. "'

In the PPC state, the carrier concentration can be
varied continuously in a single sample through the varia-
tion of the excitation photon dose, which is the product
of the excitation photon flux and the illumination time.
In fact, PPC in Al„Ga, „As (Ref. 18) and Cd, „Mn„Te
(Ref. 19) have been used previously to study metal-
insulator transitions at low temperatures. These earlier
findings have opened an avenue for investigating funda-
mentally important transport properties, including the
localized- to delocalized-state transition, hopping con-
duction, band-tail states, and the localization parameters
in disordered semiconductors. Most investigations of this
subject have focused on doped semiconductors, in which
the variation of the carrier concentration is achieved by
changing the doping levels. However, it is rather difficult

to obtain important parameters through a comparison
between experimental results obtained from different
samples because the distribution of band-tail states may
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change from sample to sample. More recently, the distri-
bution of the conduction-band-tail states in a
Znp 3Cdp 7Se has been probed by PPC buildup transients,
from which an exponential tail has been confirmed.
Additionally, we have also observed, in a single sample, a
localized- to delocalized-state transition in the PPC
buildup transients at constant temperatures as the elec-
tron concentration (or the excitation photon dose) in-
creases to a level at which the electron quasi-Fermi level
crosses over the mobility edge. These experimental re-
sults indicate clearly that there are unique advantages to
investigating the transport properties in the PPC state.

In this paper, PPC has been studied in a Znp p2Cdp»Te
semiconductor alloy. The nature of PPC in CdTe is still
a subject of controversy. Previous investigations indicat-
ed that deep levels are responsible for PPC in irnpurity-
doped or heat-treated CdTe (Ref. 21) and Zn„Cd, „Te.
A large Stokes shift of about 1.2 eV in CdTe (Ref. 23) and
0.6 eV in Zna zCda sTe (Ref. 22) has been observed, im-

plying a large lattice relaxation of these deep centers. On
the other hand, a mechanism of macroscopic barriers
arising from the coexistence of pure and impure regions
in the sample being responsible for the PPC in CdTe has
also been proposed. Here, we report experimental ob-
servation of a transition from a photoconductivity (PC)
phase to a PPC phase in Znpp2Cdp»Te. Such a transi-
tion is found to depend on the applied bias (or electric
field) and the excitation photon dose. Our observations
indicate that the temperature for this transition in a sin-
gle sample can be changed by varying the bias and excita-
tion photon dose in the PPC state. These findings may
also be useful from the point of view of device applica-
tions, because the phenomenon of PPC in II-VI semicon-
ductor alloys can be utilized for infrared detection' and
other applications. ' Furthermore, investigations from
different approaches are necessary in order to explore the
intricate nature of PPC in different materials.

II. EXPERIMENT

dose conditions were taken by illuminating the sample for
different time intervals while keeping the intensity the
same. The typical excitation photon flux used for the
measurements was on the order of 10' photons/cm s.
The current was measured by a Keithley digital electrom-
eter (model 617) interfaced with a computer. The vari-
able bias was supplied by batteries in conjunction with a
microchip and a variable resistor. Comparison experi-
ments were carried out for an Alp 30ap 7As epitaxy layer
of 2-pm thickness, doped with 3.3 X 10' cm Si, grown
on a semi-insulating GaAs (100) substrate. Ohmic con-
tacts 1 mm in diameter and about 3 mm apart were
formed by indium alloying on the layer surface.

III. RESULTS AND DISCUSSIONS

PPC was measured at different conditions in

Znp ppCdp 98Te. At a fixed temperature, there is a low

bias limit VL below which PPC is negligibly small and
only a very small conventional photoconductivity (PC)
can be induced, i.e., photoexcitation-induced conductivi-
ty decays to the dark equilibrium level very quickly after
the termination of the excitation light source. For exam-
ple, at 9 K, PPC becomes significant only for bias volt-
ages above 2.0 V. An increase in bias voltage results in
an enhancement of the PPC and the PPC relaxation time.
On the other hand, at a fixed bias, there is also a low-
temperature limit TL below which no PPC can be detect-
ed, and the PPC effect becomes more pronounced as the
temperature increases. These effects can be seen in Fig.
1, where the representative PPC decay data obtained at
different conditions are shown. As the bias (electric field)
or temperature increases, both the dark and the buildup
conductivity increase, which is expected even for conven-
tional PC. In order to see the effects on PPC, it is essen-
tial to subtract the dark level from the data points and
normalize the decay curve to unity at t =0, the moment
the illumination is terminated, so that the PPC as a func-
tion of time can be expressed as

The sample used in this study was a Znpp2Cdp»Te
nominally undoped semiconductor alloy grown by a
modified horizontal Bridgman technique and was sup-
plied by II-VI, Inc. The sample was of dimensions
5 X 10X 1 mm, with a dark resistivity at room tempera-
ture of about 10 Q cm. Gold leads were attached to the
sample using indium solder and Ohmic contacts about 1

mm in diameter and 3 mm apart were formed on the
sample surface. The sample was attached to a copper
sample holder inside a closed-cycle He refrigerator, with
care taken to ensure good thermal contact yet electrical
isolation. A mercury lamp, together with appropriate
filters, was used as an excitation source. The data ob-
tained at different conditions were taken in such a way
that the system was always allowed to warm up to room
temperature and relax to equilibrium after each measure-
ment, then cooled down in darkness to the desired tem-
perature of measurements. This was necessary to ensure
that each set of data had the same initial condition. Mea-
surements of PPC buildup and decay at different photon

Ippc(t) = [I(t) Id ] /[I(0) —Id—],
where I (0) is the conductivity level immediately after the
termination of the light source, I(t) the conductivity at
the decay time t, and Id the dark conductivity level. Fig-
ure 1(a) shows the normalized PPC decay data obtained
at 9 K for three different voltages. An enhancement in
the PPC and the PPC relaxation time with an increase of
the bias is evident. Figure 1(b) shows the normalized
PPC decay behaviors obtained at a constant bias of 2.1 V
for 9 and 150 K. It is clear that the PPC effect becomes
more pronounced and the PPC relaxation time increases
at 150 K. The data in Figs. 1(a) and 1(b) were obtained
for a buildup time of 10 s. If one increases the buildup
time, both the level and the relaxation time of PPC in-
crease. Such an effect is depicted in Fig. 1(c), where a
comparison between the decay behaviors for 10 and 50 s
buildup times is depicted.

The observed behaviors in Fig. 1 indicate the existence
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of two phases corresponding to a PC and a PPC region.
The decay behavior of the normalized PPC can be
characterized by a power law,

Ippc(t) ~ t (t ) t, )

where a is the decay parameter and to is the system
response time about 1 s. This can be seen from Fig. 2,
where the experimental results of Fig. 1(a) have been re-
plotted in a logarithmic scale and a linear behavior for
the PPC decay at three different applied voltages is evi-
dent. A condition belonging to the PPC phase is recog-
nized for a( l. At cz) 1, the PPC component becomes
negligible and the lifetime of the photoconductivity at the
half-signal point is of the order of the system response of
about l s. In general, one can reach the PPC phase by in-

creasing either bias voltage or temperature. Consequent-
ly, a coexistence curve, Vl versus T, that separates the

FIG. 1. Representative PPC decay plots for Znp ppCdp»Te at
different conditions. Each curve has been normalized according
to Eq. (1) to unity at t =0, the moment the excitation light is
terminated. (a) At 9 K for three different bias voltages and 10-s
buildup time: the curve () is for V =2. 1 V, where I„=0.03 nA
and I(0)=0.60 nA; the curve (0) is for V=3.0 V, where
Id=0. 17 nA and I(0)=1.67 nA; and the curve (*) is for
V=4.0 V, where Id=1.36 nA and I(0)=6.57 nA. (b) At a bias
of 2.1 V for two different temperatures and 10-s buildup time:
the curve (0) is for T=9 K, where Id =0.03 nA and I(0)=0.60
nA; and the curve (+) is for T= 150 K, where Id =0.30 nA and

I(0)=1.83 nA. (c) At 9 K and a bias of 2.1 V: the curve () is

for 10-s buildup time, where Id=0.03 nA and I(0)=0.60 nA;
and the (o) is for 50-s buildup time, where Id=0.03 nA and

I(0)=0.77 nA. Experimental error in T is about +0.5 K and in

V is about +0.05 V. The excitation photon flux used is on the
order of 10' photons/cm' s.

I

In [t (s)]

FIG. 2. Logarithmic plots of the PPC decay curves in Fig.
1(a). The linear behavior indicates that the PPC decay in

Znp ppCdp 98Te follows the power law I pp& ( t ) ~ t ( t ) t„),with

tp about 1 s.

PPC phase from the PC phase can be obtained. Such a
curve can be obtained by measuring the minimum bias
needed for observing the PPC, VI at different tempera-
tures T. It can be seen that each point along the curve
represents a phase-transition point. This means that at a
fixed temperature T, no PPC can be induced at a bias
voltage Vb that is less than VI, and the PPC relaxation
time increases with an increase of the bias in the region of
Vb & VL. On the other hand, at a fixed bias Vb, no PPC
can be observed at temperatures T & TL and the PPC re-

laxation time increases with an increase of temperature in

the region of T) TL . Furthermore, the shape of the
coexistence curve depends on the excitation photon dose.
Vl as a function of T has been measured for four
different excitation photon doses, as shown in Fig. 3. No-
tice that the areas above and below the coexistence
curves represent the PPC phase and the PC phase, re-

spectively. Figure 3 shows that both the minimum bias
needed for inducing the PPC at a fixed temperature and
the lowest temperature required for observing the PPC at
a fixed bias decrease with an increase of excitation photon
dose.

The existence of a low-temperature limit TL at a fixed

bias for observing the PPC effect cannot be explained
solely in terms of the deep centers that undergo a large
lattice relaxation. In such a context, the conductivity is

caused by transport of photoexcited electrons in the con-
duction band and PPC has resulted because recapture of
electrons by deep centers is prevented by a capture bar-
rier. Thus, at higher temperatures, electrons would gain
more thermal energy and so overcome the capture barrier
more easily. Therefore, the mechanism of the deep
centers would lead to a stronger PPC effect at lower tem-

peratures. For example, the DX centers are a well-known

cause for the PPC effect in Al Ga, As (x )0.22). In

Al Ga, As, there is only a temperature upper limit TU

(
—150 K), at which the PPC thermally quenches instan-
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FIG. 3 ~ Coexistence curves, which separate the PPC phase
from the PC phase, obtained for four different illumination
times. These are the plots of the minimum value of bias needed
for inducing the PPC, VL, vs the temperature, T. Notice that
the areas above and below the coexistence curves represent the
PPC and PC phases, respectively. The solid lines are guides to
the eyes.

taneously. The photogenerated electrons still have veloc-
ities varying from 0 to the Fermi velocity UF due to the
Fermi distribution of the electrons in the conduction
band even at T=O K if they are not captured on the
shallow-impurity levels. Thus PPC is observable in the
entire temperature region below 150 K in Al Ga& As.

It is known that in Al Ga& As, the formation of the
DX centers can produce a shallow-deep transition of
donor levels, which is a subject currently under intensive
study. As a result, the photoexcited carriers may be
captured on a shallow level of the effective-mass-type ex-
cited states of the DX centers. Such a behavior has been
observed in indirect-gap Al Ga

&
As, in which the

effective-mass donor states associated with the lowest X
band start to capture electrons at very low temperatures,
typically below 10 K. Recently, it has also been pro-
posed theoretically that self-compensation of As and P
acceptor impurities in ZnSe results primarily from a large
lattice relaxation, which leads to the formation of a posi-
tively charged A+ defect center and consequently the
PPC effect. According to this model, the deep-shallow
transition of acceptor levels could also occur in doped
II-VI semiconductors. However, as the sample studied
here is a nominally undoped Znp p2Cdp 98Te, the effect of
the foreign impurities is not expected to be involved here.
Additionally, the shallow-deep transition of impurity lev-
els has never been experimentally observed in II-IV semi-
conductors and still very little is known about the proper-
ties of deep centers in different types of II-VI semicon-
ductors. The bistability of deep centers could account for
the observed PC phase at lower temperature in
Znp p2Cdp 98Te, similar to the case in the indirect-gap
Al Ga& As. Nonetheless, it would be very surprising if
the effective-mass-type excited states of deep centers
could capture carriers even up to 250 K, unless such
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FIG. 4. Normalized PPC decay plots for Alp 3Gap 7As ob-
tained at 60 K for three different applied voltages. Contrary to
the behavior exhibited by Znp p2Cdp 98Te shown in Fig. 1(a), the
PPC decay rate in Alp 3Gap 7As increases with an increase of the
bias.

centers have peculiar properties in II-VI semiconductors.
More investigation is needed in order to clarify this point.
At this stage, we are not quite convinced that the deep-
shallow transition due to the formation of the DX-type
centers could account for the observed PC and PPC tran-
sition behavior in Znp p2Cdp 98Te.

The existence of a minimum bias needed for observing
the PPC effect is also a surprise. It is expected that once
the electrons are being excited into the conduction band,
under a bias that is sufficient to induce PC, a PPC effect
should always be present, as long as the temperature is
not too high to quench thermally the PPC instantaneous-

ly. Furthermore, the mean kinetic energy of the elec-
trons increases with an increase of bias. Therefore, the
decay rate of the electrons is expected to increase with an
increase of bias. For comparison, we have also investi-

gated the dependence of the PPC decay on the bias for
Alp 3Gap 7As at 60 K. Figure 4 shows the representative
normalized PPC decay curves obtained for three different
voltages. Contrary to the behavior exhibited by
Znp pzCdp 9sTe shown in Fig. 1(a), an increase of the PPC
decay rate with an increase of the bias has been observed.
The behavior shown in Fig. 4 for Alp 3Gap 7As is expect-
ed for cornrnon thermal capture processes.

The observed behaviors in Znp p2Cdp 98Te show evi-

dence for the mechanism of RLPF. In some undoped II-
VI semiconductors, an intrinsic lattice defect may act as
a donor or an acceptor. Thus, in our sample, the RLPF
may be caused by compositional fluctuations or impurity
compensation. It is known that the disorder effect is usu-

ally much less important in III-V than in II-VI semicon-
ductor alloys. ' Because of the presence of RLPF, de-
creasing the temperature does not necessarily guarantee a
stronger PPC effect. This is due to the fact that in a ran-
dom fluctuating potential, the conductivity is induced ei-
ther via electron hopping between the localized states or
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by activating electrons into the levels above the mobility
edge. At sufficiently low temperatures or bias voltages,
during the course of photoexcitation, some fraction of
electrons can occupy the higher-energy states to induce
the conductivity. Nonetheless, terminating the illumina-
tion results in a rapid localization of charge carriers in lo-
cal potential minima. Thus, only a very small PC can be
observed. The areas below the coexistence curves shown
in Fig. 3, i.e., the PC phases, represent such cases. There-
fore, the observed rapid decay in the PC phase is most
likely due to charge carrier localization (or storage) in
random-local-potential minima, but not due to a de-
pletion or recombination of charge carriers. This charge
storage effect is confirmed by the fact that, after il-
luminating the sample at low temperatures for a certain
period of time, followed by warming, the sample has a
significantly higher conductivity compared with its dark
conductivity.

In a random fluctuating potential, as temperature or
bias voltage increases, the energy and, hence, the mobility
of the carriers also increases. Thus, the photoconductivi-
ty, which is induced by carrier hopping between the lo-
calized states or percolating through the conduction net-
work constructed by the low-energy sites, becomes more
pronounced at higher temperatures. Therefore, the be-
havior shown in Fig. 3 is most likely associated with a
mobility transition. In fact, the excitation-photon-dose-
dependent behavior is also consistent with this interpreta-
tion. In general, the quasi-Fermi level, as well as the car-
rier mobility, increases with an increase of the carrier
concentration, or the excitation photon dose. Therefore,
the area below the coexistence curve decreases with an
increase of the excitation photon dose. According to this
interpretation, the PC phase below the coexistence curve
corresponds to the localized region and the PPC phase
represents the delocalized region. The dependence of the
PPC decay behavior on the excitation photon dose was
also studied for Alp 3Gap 7As. In A1Q3GaQ7As, at T&40
K, the relaxation-time constant ~ decreases with an in-
crease of the excitation photon dose. This is due to the
fact that as the excitation photon dose increases, the
quasi-Fermi level in the conduction band increases,
which effectively decreases the capture barrier at the DX
centers. We see that the PPC behaviors in ZnQ Q2Cdp 98Te
and Alp 3GaQ 7As, including their dependencies on tem-
perature, bias, and excitation photon dose, are all quite
different.

Some of the different PPC behaviors exhibited by II-VI
and III-V semiconductor alloys have been pointed out
previously. "' The relaxation of PPC in ZnQ3Cdp7Se,
CdSQ ~Sep 5, and AlQ 3GaQ 7As was found to fol-
low the stretched-exponential function, Ippc ( t )

= Ippc(O) exp[ —
( t lr)~ j, (P( 1 ), at low temperatures.

The relaxation-time constant ~ in A1Q 3Gap 7As could be
larger than 10' s at low temperatures due to the fact that
the capture cross section of the DX centers is very small
at 1ow temperatures. However, the relaxation-time con-
stants ~ on the order of 10 s in Znp 3Cdp 7Se and on the
order of 10 s in CdSp 5Sep 5 have been observed. In fact,
w as long as those in Alp 3Gap 7As at low temperatures
has never been observed in II-VI semiconductor alloys.

1.2

1.0

Z n o, c2C d o 9aT e

9 K

10 s

0.8

0.6

0 4

eius (V)

FIG. 5. The power-law decay parameter o. vs applied voltage
V at 10 K for 10-s buildup time. The solid line is a guide to the

eye.

This means that the PPC decay rates observed in II-VI
semiconductor alloys including Znp ppCdp 98Te at
different conditions are always much larger than those in
Alp 3Gap 7As at low temperatures. This can also be seen
from different scales of the representative normalized de-
cay plots shown in Figs. 1 and 4. This implies that
different carrier decay mechanisms may be involved in
II-VI and III-V semiconductor alloys.

The physical origins for the stretched-exponential and
the power-law relaxations are not very clear at this stage.
However, it is believed that they may be asymptotic
forms of some kind of relaxation kinetics that describe a
wide class of disordered systems toward equilibrium un-
der different conditions. ' From Fig. 2, we see that the
slope of the plots, which is a, decreases with an increase
of bias. This means that the decay rate of the photoexcit-
ed charge carriers decreases with an increase of bias, or
electric field. Furthermore, the decay rate also decreases
as the temperature or excitation photon dose increases, as
depicted in Fig. 1. This implies that the carrier decay
rate does, in fact, decrease with an increase of the carrier
energy in certain regions, which is contrary to the behav-
ior expected for common thermal capture processes. In
the presence of RLPF, as the temperature, applied volt-
age, or excitation photon dose increases, the electron en-

ergy as well as the mobility increases, and so more elec-
trons can be activated into the states above the mobility
edge. The observed behaviors then suggest that the de-
cay rates for the electrons in the states above the mobility
edge are smaller than those in the hopping transport re-
gime, which is observed in all investigated II-VI semicon-
ductor alloys including Znp 3Cdp 7Se, CdSQ 5Sep 5, and
Znp ppCdp 98Te. Conversely, in Alp 3Gap 7As, the capture
rate of electrons at DX centers increases with an increase
of the carrier energy, which is well confirmed by many
experiments. Thus, our results suggest that the transport
properties of the photoexcited charge carriers in II-VI
semiconductor alloys are strongly affected by RLPF. The
reason for such a behavior is not yet quantitatively un-
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a =ap —vE, (3)

where F is the electric-field strength, and ao( = l. 14) and
x.( =0.047 cm/V) are two constants. If one assumes that
the energy gained by the photoexcited electrons is pro-
portional to the electric field, then the experimentally ob-
served behavior in Eq. (3) suggests that, in a random fiuc-
tuating potential, the decay rate of the charge carriers de-
creases almost linearly with an increase in the carrier en-
ergy in certain regions. We think that such an observa-
tion may be important for studies of current difficult
problems associated with charge-carrier transport prop-
erties in disordered and percolative solids.

IV. CONCLUSIONS

In conclusion, persistent photoconductivity has been
studied in a Znpp2Cdp98Te semiconductor alloy. We
found that there is a minimum bias VL that is needed for
inducing the PPC effect at a constant temperature. At

derstood, but it could be qualitatively explained in terms
of an effect of redistribution of electrons in such a ran-
dom fluctuating potential. "

In order to see how the decay rate varies with the car-
rier energy, we plot the dependence of a on the bias (or
electric field) obtained at 10 K for 10 s buildup time in
Fig. 5. A linear dependence in the PPC phase is ob-
served. In the field region from about 6.5 —15 V/cm (con-
tact separation is about 3 mm), such a dependence can be
written approximately as

the same time, there is a low-temperature limit TI below

which no PPC can be observed at a fixed bias. A coex-
istence curve, VL versus T, that separates the PC phase
from the PPC phase has been obtained. Each point along
this coexistence curve represents a phase-transition point.
The phase-transition behavior can be changed by varying
the excitation photon dose. The decay kinetics of the
PPC have also been investigated and a power-law behav-
ior for the PPC decay in Znp pgCdp 98Te was found. The
observed electric-field enhancements of the PPC and the
PPC relaxation time suggest that the decay rate of the
charge carriers in the delocalized state decreases almost
linearly with an increase in the total energy of the charge
carriers, which is contrary to the behavior expected for
common thermal capture processes. These results indi-
cate that the carrier transport properties in II-VI semi-
conductor alloys are strongly affected by random-local-
potential fluctuations arising either from compositional
fluctuations or impurity compensation.

ACKNOWLEDGMENTS

One of us (J.Y.L.) acknowledges partial support from a
Carver Scientific Research Initiative Grant and from the
University of Northern Iowa. Another (H.X.J.) acknowl-
edges partial support by a grant from Air Force Office of
Scientific Research (AFOSR). The authors gratefully ac-
knowledge a critical reading of the manuscript by Gary
Wy sin.

'Permanent address: Department of Physics, Kansas State Uni-
versity, Manhattan, KS 66506-2601.

'D. V. Lang and R. A. Logan, Phys. Rev. Lett. 39, 635 (1977).
2R. J. Nelson, Appl. Phys. Lett. 31, 351 (1973).
3K. A. Khachaturyan, D. D. Awschalom, J. R. Rozen, and E.

R. Weber, Phys. Rev. Lett. 63, 1311 (1989).
4M. Zazoui, S. L. Feng, and J. C. Bourgoin, Phys. Rev. B 41,

8485 (1990).
5D. J. Chadi and K. J. Chang, Phys. Rev. Lett. 57, 873 (1988).
N. Chand, T. Henderson, H. Klein, W. T. Masselink, R. Fisch-

er, Y.-C. Chang, and H. Morkog, Phys. Rev. B 30, 4481
(1984).

7E. Calleja, P. M. Mooney, T. N. Theis, and S. L. Wright, Appl.
Phys. Lett. 56, 2102 (1990).

sH. J. Queisser, and D. E. Theodorou, Phys. Rev. Lett. 43, 401
(1979).

9H. J. Queisser, and D. E. Theodorou, Phys. Rev. B 33, 4027
(1986).

M. K. Sheinkman and A. Ya Shik, Fiz. Tekh. Poluprovodn.
10, 209 (1976) [Sov. Phys. Semicond. 10, 128 (1976)).

H. X. Jiang and J. Y. Lin, Phys. Rev. Lett. 64, 2547 (1990);
Phys. Rev. B 40, 10025 (1989).
H. X. Jiang, G. Brown, and J. Y. Lin, J. Appl. Phys. 69, 6701
(1991).

S. D. Baranovski and A. L. Efros, Fiz. Tekh. Poluprovodn. 12,
2233 (1978) [Sov. Phys. Semicond. 12, 1328 (1978)].
S. Permogorov, A. Reznitskii, S. Verbin, and V. Lysenko,

Solid State Commun. 47, 5 (1983).
'5E. Cohen and M. D. Sturge, Phys. Rev. B 25, 3828 (1982).
tSH. X. Jiang, L. Q. Zu, and J. Y. Lin, Phys. Rev. B 42, 7284

(1990).
t7B. I. Shklovskii and A. L. Efros, in Electronic Properties of

Doped Semiconductors, edited by M. Cardona, P. Fulde, and
H. J. Queisser, Springer Series in Solid-State Science Vol. 45
(Springer-Verlag, New York, 1984).

' S. Katsumoto, F. Komomi, N. Sano, and S. Kobayashi, J.
Phys. Soc. Jpn. 56, 2259 (1987).
I. Terry, T. Penny, S. von Molner, J.M. Rigotty, and P. Becla,
Solid State Commun. (to be published).
H. X. Jiang, A. Dissanayake, and J. Y. Lin, Phys. Rev. B 45,
4520 (1992).
M. R. Lorenz, M. Aven, and H. H. Woodbury, Phys. Rev.
132, 143 (1963); M. R. Lorenz, B. Segall, and H. H. Wood-
bury, ibid. 134, A751 (1964).
K. Khatchaturyan, M. Kaminska, E. R. Weber, P. Becla, and
R. A. Street, Phys. Rev. B 40, 6304 (1989).
B.C. Burkey, R. P. Khosla, J. R. Fischer, and D. L. Losee, J.
Appl. Phys. 47, 1095 (1976).
K. Pastor and R. Triboulet, Phys. Status Solidi A 100, K51
(1987).

25S. McDevitt, D. R. John, J. L. Sepich, K. A. Bowers, J. F.
Schetzina, R. S. Rai, and S. Mahajan, MRS Symposia
Proceedings No. 161 (Materials Research Society, Pittsburgh,
1991),p. 15.



3816 J. Y. LIN, A. DISSANAYAKE, AND H. X. JIANG 46

J. E. Dmochowski, L. Dobaczewski, and J. Langer, Phys. Rev.
B 40, 9671 (1989).

~D. J. Chadi and K. J. Chang, Appl. Phys. Lett. 55, 575 (1989).
J. Y. Lin, A. Dissanayake, G. Brown, and H. X. Jiang, Phys.
Rev. B 42, 5855 (1990).

29A. Blumen, J. KlaQer, and G. Zumofen, in Optica1 Spectrosco-

py of Glasses, edited by I. Zschokke (Reidel, Dordrecht,
1986), pp. 199—265.

F. S. Liu and W. Chao, Phys. Rev. B 40, 7091 (1989).


