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Relaxation of stored charge carriers in a Zno 3Cdo 7Se mixed crystal
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Persistent photoconductivity (PPC) has been investigated in detail in a Zno 3Cd07Se mixed crys-

tal. Two different temperature conductivity states have been observed. Relaxation of stored charge

carriers, which contribute to PPC, has been studied at different conditions. We find that the decay

of PPC follows the "stretched-exponential" function that is usually observed in a wide class of
disordered materials. At T & 220 K, the relaxation time increases with increase of temperature. At

a constant temperature, the relaxation time increases with increase of excitation photon dose, which

is a consequence of the presence of the two different conductivity states. However, at a constant

temperature, the decay exponent is excitation-photon-dose independent, while the characteristic de-

cay time constant depends on excitation photon dose. The PPC observed here thus exhibits charac-

teristic phenomena of disordered systems, which suggests that the random local-potential fluctua-

tions, which arise from the compositional fluctuations, are responsible for PPC. PPC-decay behav-

ior is also analyzed for some of the previously published data on other materials. We find that the

stretched-exponential function describes the PPC decay in various materials at low temperatures.

I. INTRODUCTION

Persistent photoconductivity (PPC), photoconductivity
that persists after the removal of the photoexcitation, has
recently attracted renewed attention. PPC has been ob-
served in a wide variety of semiconducting materials, re-
ported in III-V compounds such as Al„Ga, „As (Refs.
2—6) and in artificially constructed layered materials
at low temperatures. Recently, PPC has been discovered
in doping-modulated amorphous-silicon superlat-
tices, ' ' in undoped II-VI mixed crystals, ' ' and has
been shown to exist even at room temperatures. PPC is

very important from the point of view of device perfor-
mance because it is detrimental to the operation of
modulation-doped field-effect transistors (MODFET's) at
low temperatures. ' However, PPC is useful for adjusting
the density of the two-dimensional electron gas at a semi-
conductor interface, ' and can be utilized as a nondes-
tructive method to probe the profile of the impurities in
semiconductors. ' Other applications of PPC include op-
toelectronic memory elements, vidicons, etc. ' Discovery
of the room-temperature PPC phenomena makes the
PPC-based devices feasible. In fundamental physics, un-

derstanding of PPC phenomena will provide mechanisms
for basic physical processes in semiconductors such as
charge-carrier excitation, transformation, storage, and re-
laxation. Thus PPC is one of the most important yet
not-well-understood phenomena in semiconductors.

Several mechanisms have been proposed to explain the
origin of PPC. Queisser and Theodorou have demon-
strated for well-defined heterostructural samples that the
spatial separation of photogenerated electrons and holes
by built-in electric field from macroscopic barrier due to
band bending at surfaces or interfaces leads to PPC. For
layered structures of compound semiconductors, this
model predicts an essentially logarithmic PPC decay in
time consistent with their experimental observation.

However, this model is only suitable to describe PPC in
artificially constructed layered materials. The PPC decay
mechanism for bulk semiconductors cannot be described
in terms of the macroscopic barrier model. The other
dominant mechanism involves photoexcitation of elec-
trons from deep level traps which undergo a large lattice
relaxation, namely, DX centers. ' In this model, PPC
has resulted because recapture of electrons by DX centers
is prevented by a thermal barrier at low temperatures.
The large lattice relaxation model explains the large
Stokes shift of =1 eV between the thermal and optical
ionization energies observed in Al Ga, As. The photo-
capacitance results obtained for Si-doped GaAs under
pressure were found to be very similar to the results ob-
served for Al Ga, As alloys at atmospheric pres-
sure, ' and thus favor the large lattice relaxation mod-
el. The nature of the DX center is under intensive investi-
gation. Recently, Chadi and Chang performed pseudopo-
tential calculations to determine the atomic displace-
ments responsible for the formation of DX centers in Si-
and S-doped GaAs. Their results indicate that DX is a
highly localized and negatively charged defect center
which behaves as a negative-U center resulting from the
"reaction" 2d ~d++(DX), where d represents a sub-
stitutional donor. ' A1though the DX center in
Al„Ga, As alloys exhibits a PPC effect, conclusions de-
rived from the negative-U model are not consistent with
existing Hall experiments for Si-doped Al Ga, „As. Re-
cently, Li et al. pointed out that the discrepancy between
the negative-U model and Hall experiments can be im-
proved if there exists two different donors SD and DX
with comparable concentrations, where SD centers pro-
vide electrons for DX centers to capture. However, the
origin of SD is not clear. Furthermore, recent magnetic
studies of PPC in n-type Al Ga, „As by Khachaturyan
et al. concluded that the DX center is a paramagnetic
donor with one unpaired electron. Thus the nature of the
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DX center is very complicated and the origin of PPC in

Al„Ga, As materials is not yet completely understood.
Additionally, because of the complex nature of the DX
center, the decay behavior of PPC exhibited by these ma-
terials has not yet been established. Obviously, the
decay kinetics are very important in determining the ori-
gin for the slow relaxation of the photoexcited charge
carriers. Zukotynski and Ng suggested an alternative ex-
planation for PPC observed in Si-doped Al„Ga& „As, in

which PPC is caused by periodic fluctuations in As
versus Ga concentration which lead the shift of the im-

purity wave function in k space. However, periodic
fluctuations are not expected in a real space. More real-
istically, the composition fluctuations in mixed crystals
are random.

P PC has been briefly investigated in undoped
Zn„Cd& Se mixed crystals recently in our earlier
work. ' A PPC related phase transition has been ob-
served at Tc ( =120 K) for Zno 3Cd07Se mixed crpstal,
which corresponds to electrons activated from localized-
to percolation-state regions. Additionally, we found that
PPC is not observable at temperatures below 70 K, and
shows stretched-exponential decay behavior. The per-
colation features show evidence that random local-
potential fluctuations shown schematica11y in Fig. 1,
which arise from the compositional fluctuations, are the
origin of PPC observed in II-VI mixed crystals. The mi-
croscopic random-potential fluctuation model was fre-
quently used to describe charge-transport properties of
strongly compensated, inhomogeneous, and amorphous
semiconductors. ' According to this model descrip-
tion, the Fermi level falls in the localized region, and the
charge transport occurs either via activated electron hop-
ping between localized states or by activation of electrons
into the percolation-state region, while holes remain lo-
calized. Therefore, a transition from localized to delocal-
ized states is expected from this model. Additionally, the
electron states are highly 1ocalized at lowest tempera-
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FIG. 1. Schematic of the conduction-energy diagram of a
random-potential profile of a disordered semiconductor. The
meandering line shows band bending. The upper solid line indi-
cates the position of the bottom of the conduction band in the
absence of the local-potential fluctuations, which arise from ei-
ther the compositional fluctuations or the impurity potential.
Each lower solid line shows the electron Fermi level, the
dashed-dotted line the percolation level. Regions occupied by
electrons are shaded (after B. I. Shklovskii and A. L. Efros, Ref.
39).

tures, and the charge transport becomes negligible. The
PPC behavior exhibited by Zn Cd& Se mixed crystals is
consistent with the results which are expected from the
random local-potential fluctuation model. To our
knowledge, a quantitative understanding and conclusive
experiments on such systems have never been achieved
previously. In mixed crystals, large compositional fluc-
tuations are well known, ' which causes local-
potential fluctuations in the sample. Thus mixed crystals
represent a whole new system of percolative semiconduc-
tors, and can serve as a model system for the study of the
carrier transport in percolative solids. The quantitative
understanding of the relaxation process of stored charge
carriers will also provide model description for other fun-
damental relaxation processes, such as spin relaxation of
spin glasses, etc.

In this paper, PPC phenomena in Zno 3Cdo 7Se are in-

vestigated in more details. In Sec. II, we describe the ex-
perimental techniques. In Sec. III, dependencies of PPC
on temperature and photon dose are presented, and the
decay behavior is studied at different conditions. In Sec.
IV, by using previously published experimental data, de-

cay behavior is studied for various semiconducting sys-
tems and configurations. The similarity between the re-
laxation processes of charge carriers in II-VI mixed crys-
tals and various other materials has been discussed. The
stretched-exponential decay behavior exhibited by
different materials at low temperatures suggests that the
local-potential fluctuations may be an additional cause
for PPC observed in other materials.

II. EXPERIMENT

The sample used in this study is a 1-mm-thick
Zno 3Cdo 7Se mixed crystal of size about 5 mm X10 mm
with dark room-temperature resistivity of about 10
Qcm. Single crystal were grown from solid solution.
The starting materials were purified ZnSe and CdSe
powders in appropriate weight proportions. Crystals
were grown by using the temperature-gradient solution-
zoning technique. Zn Cd& „Se mixed crystals with
O~x 0.4 were of hexagonal structure. Gold leads
were attached to the sample using indium solder and the
junctions of 1 mm in diameter were about 5 mm apart on
the sample surface and carefully tested for Ohmic con-
tacts. The optic c-axis is perpendicular to the sample sur-
face. The sample was attached to a copper sample hold-
er, which is inside a closed-cycle He refrigerator, with
care taken to ensure good thermal contact yet electrical
isolation. A mercury lamp was used along with appropri-
ate filters, so two lines at 435.8 and 546. 1 nm dominated
the output of the excitation source. The data obtained at
different conditions were taken in such a way that the
system was always allowed to warm up to the room tem-
perature and relaxed to equilibrium after each measure-
ment, then cooled down in darkness to the desired tem-
perature of measurements. This is to ensure that each set
of data has the same initial condition. Additionally, the
temperature-dependent PPC-decay behavior is obtained
by illuminating the sample by exactly the same amount of
photon dose at every temperature of decay measure-
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ments. The low excitation level is used to ensure that no
photoconductivity (PC) is induced at the low-temperature
regions. This can be achieved because the PC level de-
pends only on excitation light intensity, which is in con-
trast to the PPC property. The PPC buildup level de-
pends on excitation photon dose. The typical excitation
photon flux used for the measurements is about 2 X 10'
photons/cm s. The current is measured by a Keithley
digital electrometer (model 617). A 1.5-V bias is supplied
by a battery.

720-

670-

III. RESULTS AND DISCUSSIONS 620-

For the Zno 3Cdo 7Se crystal, temperature-dependent
results yield four different regions. For T (70 K, virtual-
ly no PPC could be observed. In the temperature region
of 70 K (T & 120 K, illumination induces low-level PPC.
In the region 125 K & T &220 K, the same level of light
excitation produces a pronounced PPC effect. As the
temperature becomes above 220 K, the same level of pho-
toexcitation induces PC and PPC simultaneously.

Figure 2 shows decay curves obtained at 170 K for
four different excitation intensities at 1000 sec of light il-
lumination. The experimental data are normalized to the
current value at t =0, and the dark equilibrium current
value has been subtracted out. In general, at a constant
temperature, prior the conductance reaching saturation,
relaxation of PPC proceeds faster with decrease of the il-
lumination photon dose, as depicted in Fig. 2. We see
that the PPC relaxation proceeds fastest for the relative
photon dose n =0.8, and slowest for the relative photon
dose n =4.0. The units of photon dose are 10'
photons/cm . Changing the illumination time at a con-
stant photoexcitation intensity by identical factors pro-
duces a similar behavior, which implies that PPC de-
pends on excitation photon dose but not only on intensi-
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FIG. 3. The characteristic decay-time constant v as a func-
tion of excitation photon dose at T = 170 K.

ty. At temperatures T & 220 K, the decay of PPC can be
well described by the "stretched-exponential" function, '

Ippc(t)=Ippc(0)exp[ —(t/r)~ j, where P (0 &P& 1 ) is the
decay exponent and v. is the characteristic decay time
constant. ~ increases with increase of excitation photon
dose. At 170 K, v as a function of excitation photon dose
is presented in Fig. 3, where a strong dependence of the
relaxation time on excitation photon dose is evident.
However, P is independent of excitation photon dose at a
constant temperature, T =170 K. This property is clear-
ly demonstrated by the scaling effect. Figure 2 is replot-
ted in Fig. 4 in such a way that the time of each curve has
been scaled by the corresponding value of ~ in Fig. 3, so
the decay behavior of PPC can be written as

I»c(t') =I (0)exp[ —(t')~], 0 &P & 1,

* Il =4.Q
~ n= Q.Q' ~=1.3
~ n=Q8
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FIG. 2. PPC decay obtained at 170 K after buildup with four
different excitation intensities for 1000 s. Each curve is normal-
ized to a unity at t =0, and the dark current has been subtracted
out. The unit for excitation photon dose n indicated in the
figure is 10' photons/cm'.

FIG. 4. Scaled decay curves obtained at 170 K. t' ( =t/~) is
the dimensionless scaled time, where the scale factors used are
the corresponding values of the characteristic decay-time con-
stants v from Fig. 3. The solid line is a plot of the stretched-
exponential function I(t') =I(0)exp[ —(t')a], with p=0. 77.
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where the scaled time t'=t/r, and r is the characteristic
decay time constant obtained for different excitation pho-
ton dose taken from Fig. 3. The striking feature shown in
Fig. 4 is that the rescaled PPC-decay curves obtained at
different excitation photon dose fit perfectly to a single
stretched-exponential function of Eq. (1) with P=0.77.
In Fig. 4, the solid line is a plot of a stretched-exponential
function, I(t')=I(0)exp[ —(t')~], with P=O 77.. Thus
properties of P PC decay following the stretched-
exponential and the decay parameter P being independent
of excitation photon dose are demonstrated.

The stretched-exponential decay frequently describes
the relaxation of a wide class of disordered systems to-
ward equilibrium. Examples include dielectric relaxa-
tion in a charged-density-wave system and relaxation of
remanent magnetization in spin glasses. Recently, Ka-
kalios, Street, and Jackson observed stretched-
exponential relaxation for density of shallow occupied
band-tail states of hydrogenated amorphous silicon. A
class of models was proposed based on hierarchically con
strained dynamics, from which the stretched-exponential
relaxation arises naturally. Thus the PPC-decay behav-
ior reveals the similarity of the present system to the
disordered systems. For mixed crystals, the stretched-
exponential relaxation of photoexcited charge carriers is
a consequence of the compositional disorder effect. The
results suggest that the random local-potential fluctua-
tions, which arise from the compositional fluctuations in
the sample, are responsible for PPC. A schematic dia-
gram of the random local-potential fluctuations at the
conduction-band edge is shown in Fig. 1. In this model
description, the photoexcited charge-carrier density is
highly inhomogeneous. Spatially, electrons fall into lo-
calized regions, which form due to the variations in corn-
position or variations in band gap from one state to
another. At lower temperatures, conductivity is contrib-
uted by the electron hopping between localized states (po-
tential wells). As temperature increases to above a criti-
cal value, Tc, electrons can be activated into percolation
states, which requires a thermal energy in the order of eF
shown in Fig. 1. In the percolation states, the transport
occurs via electrons percolating through the network of
accessible states. The relaxation rates in the above-
mentioned two conductivity states are determined by the
charge-carrier distribution, i.e., the wave-function over-
lap between the electrons and the holes in the real space.
A further increase in temperature results in electrons
overcoming the potential barrier of height E„„and the
photoexcited charge carriers recombine very quickly.
The percolation approach thus no longer describes well
the conductivity mechanism at high temperatures
(T &220 K).

Experimentally, the PPC effect exhibited by
Zno 3Cdo 7Se mixed crystal is consistent with the random
local-potential fluctuation model. The inset of Fig. 5
shows the PPC buildup level as a function of temperature
for 1000 sec of light illumination at an excitation intensi-
ty of about 2X10' photons/cm . In the temperature re-
gion 70 K & T & 120 K, the Fermi level falls in the local-
ized region, and the system is in the low conductivity
state, in which case PPC is contributed by activated elec-
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tron hopping between localized states. However, a large
increase in PPC is observed near 120 K. This is a conse-
quence of the electrons activated from localized to delo-
calized (percolation) states. At temperatures above 120
K, PPC is predominantly contributed by percolation con-
ductance, while the holes still remain localized (the
effective mass of the holes is much larger than that of the
electrons}. Thus at temperatures above the percolation
threshold, we expect that the temperature-dependent
PPC buildup level shown in the inset of Fig. 5 can be de-
scribed by the percolation approach:

Ippc( T) =a( T —Tc )' T )Tc, (2)

where v is the conductivity exponent. Least-squares
fitting between experimental data and Eq. (2) in the tem-
perature region 130 K & T & 200 K yields the results that
the conductivity exponent v=1.30+0.05 and the critical
temperature Tc = 118+2 K. In Fig. 5 we plot
ln[Ippc(T)] versus ln(T —Tc) for the experimental data
obtained in the region 130 K & T & 200 K. The linear be-
havior indicates that the PPC buildup level is well de-
scribed by Eq. (2). However, one notices that the fit be-
comes poorer near the percolation threshold, which is ex-
pected from the percolation behavior. Near the percola-
tion threshold, an additional contribution from electron
hopping elevates the PPC level. The fitting thus curves
away from Eq. (2) at temperatures near the threshold.
This behavior has been observed previously for
many other materials. We also fit Ippc(T) in the same
region with an exponential dependence, Ippc( T)
=a exp( —ElkT), and the fit is not as good as the per-
colation approach. The decay behavior of PPC and the

FIG. 5. Plot of In[Ippc( T, t =0)] vs 1n( T —T, ) with

T, = 118+2 K at an excitation intensity of 2 X 10'
photons/cm's with 1000 s of light illumination. The slope of
the linear curve represents the conductivity exponent v
(=1.30+0.05). The inset shows the linear plot of the PPC
buildup level at f =0 Ippc ( T t =0), vs temperature. Two ar-
rows indicate the temperature region for 1 n[I ppc(T, t =0)] vs

ln( T —Tz) plot.
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phase transition in PPC near 120 K support our interpre-
tation that PPC is induced by the random local-potential
fluctuations in the sample. The observation of the phase
transition in PPC here cannot be explained either by the
large lattice relaxation model or the macroscopic barrier
model.

The decay parameters P and ~ are functions of temper-
ature. ' The value of P is about 0.85+0.03 below 120 K,
and depicts a clear decrease near 120 K. The characteris-
tic decay time constant ~ also shows an increase near 120
K. Therefore, experimental results indicate that the PPC
relaxation proceeds faster in the low conductivity state
(hopping states). Furthermore, at Tc (T (220 K, ~ in-
creases with increase of temperature, which again cannot
be explained in terms of the DX or the macroscopic bar-
rier models since these two models lead to the results that
the PPC relaxation proceeds faster as the temperature in-
creases in the entire temperature region. The relaxation
behavior can only be explained in terms of the random
local-potential fiuctuation model. Qualitatively, we can
explain the temperature-dependent decay behavior as fol-
lows: The decay of PPC depends on the distribution of
charge carriers and the conductivity states. For T & T~,
since PPC is contributed by the electron-activated hop-
ping between localized states, the effect of the electron
redistribution among the localized states with time is
negligible. Thus the decay is only determined by the ini-
tial distribution of charge carriers, and the decay rate de-
pends on the wave-function overlap between electrons
and holes. Thus the recombination kinetics in this tem-
perature region should be similar to those of the donor-
acceptor pair recombination. ' At T & Tz, electrons
activated into the percolation states, the effect of electron
redistribution in real and momentum spaces, plays an im-
portant role. Electrons redistribute in such a way that
they always prefer to occupy the sites of minimum poten-
tial energies. In the percolation description, conductivity
is contributed by electrons percolating through the net-
work of accessible sites (locations of low potential ener-
gy). The time duration of an electron on each accessible
site depends on the potential depth of the site and thus
depends on the composition x at each site. It is easy to
understand that the probability for finding an electron at
the site of minimum potential is highest compared to oth-
er sites, because, relatively, electrons tend to spend more
time on such site. Since holes remain localized and im-
mobile, the recombination becomes spatially less possible
with increase of time because of the lack of holes around
these sites (nearby holes have been recombined with elec-
trons in earlier time stages). As temperature increases,
the redistribution effect becomes more pronounced, thus
an increase in ~ is observed. As temperature increases to
above 220 K, the decay rate then increases with an in-
crease of temperature.

The correlation between the critical temperature Tc
and the degree of the fluctuation can be established. For
mixed crystals A„B, C, the compositions at the spatial
sites fluctuate around the mean composition x0. Since
the sample growth is a random process, we can assume
that the probability of the spatial sites with the composi-
tion x follows a Gaussian distribution,

P (x ) =Po exp[ —(x —xo ) /2o ], (3)

where x0 is the mean composition. For our sample
Zn0 3Cd07Se, x0 is 0.3. P0 can be determined from the
normalization condition

f P(x)dx =1,
0

which gives

1Po= f exp[ —(x —xo) /2cr ]dx

(4)

o is a parameter which describes the degree of the fiuc-
tuation in the sample, and depends on the sample quality.
In order to establish the relation between cr and Tz, we
assume that all the low-potential sites (x &xc) are filled

by the electrons. The transition occurs when the ratio of
the filled low-potential sites to the total available sites ap-
proaches to a value, Pc, the critical concentration. This
means that we have

X(
P0exp —x —x0 2' x =Pc . (6)

VxP xdx
y 0

f P (x)dx
(7)

where V(x) is the electron energy at the conduction-band
edge as a function of the composition x. For
Zn„Cd, Se mixed crystal, it is known that the band gap
varies linearly with x from 1.84 eV (x =0, CdSe} to 2.8
eV (x =1, ZnSe), and so the energy-gap difference b,E
is 0.96 eV. Therefore, we have

V(x ) = Vo+ ax, (8)

with Vo = 1.84 eV and a =0.96 eV. Inserting Eq. (8} into
Eq. (7), we obtain

aP0V=( Vo+axo)+ o Iexp( —xo/2cr )
C

—exp[ —(xc —xo) /2o ]] .

(9)

The transition occurs if the averaged total energy of an
electron equals the energy at the percolation threshold
V(xc ). Thus we obtain

V+ ', kTC= V(xc), — (10)

where ( —,')kTC is the average thermal energy of an elec-
tron. Therefore, from Eqs. (9) and (10), we have

The value of the critical electron filling states Pc ob-
tained from the computer simulation on three-
dimensional lattices is about 0.25. Therefore, Eq. (6)
determines the critical composition, xc, which stands for
that all the spatial sites with composition x ~ x~ are filled

by the electrons. The average potential energy for the
electrons filled up to sites with x & xc can be written as
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=2Tc a(xc xo)
3k

2aPo~~
{exp( —xoI2o )

C

—exp[ —(xc —xo) I2o ]J .

Equation (11) has been calculated numerically and the
critical temperature T& is obtained as a function of the
fluctuation parameter cr. From Tc=118 K, obtained
from the experimental measurement for Zno &Cdo 7Se, we
find u =0.027. This is a reasonable value for the fluctua-
tion in the sample. However, in the calculation, we have
used a band offset of 100% for the conduction band, and
the valence-band offset was not considered. The calculat-
ed o should be lower than the actual value. If we consid-
er the band offset, the expression for a in Eqs. (8)—(11)
should be replaced by a b,gc, where b,gc ( = b,Ec IEE )

is the conduction-band offset, and hE~ is conduction-
band energy difference between the two materials. By
taking Egc to be 80%%uo, we obtain a o value to be 0.033.
In the above calculation, the electron distribution in
momentum space has been neglected. However, the re-
sults obtained by including such a term should not devi-
ate from the present calculation by a significant factor.

The results shown in Fig. 2 can be qualitatively inter-
preted in terms of the variation of the electron Fermi-
energy level with excitation photon dose. For lower pho-
ton dose, i.e., lower electron concentration, the Fermi
level falls deeper into the localized states, and the con-
ductivity is affected more pronouncedly by mean of an
activation hopping process. As the electron concentra-
tion increases, the Fermi level also increases, and the
effect of the activation hopping to the decay process be-
comes smaller. Since the PPC relaxation proceeds more
slowly in the percolation states, the photon-dose-
dependent PPC decay is a consequence of the different
conductivity states effect. Higher charge-carrier density
leads to a more pronounced redistribution effect, thus a
slower decay process. The dependence of ~ on the excita-
tion photon dose, n, can implicitly provide us informa-
tion on the dependence of the charge-carrier relaxation
on the Fermi level. We have experimentally demonstrat-
ed that, at a constant temperature, the dependence of ~
on n can be described by the following expression:

0 0.3 0.6 0.9 1.2 1.5

FIG. 6. Plot of the characteristic decay-time constant '7 vs

1/n, where n represents the excitation photon dose. The solid
line is a guide to the eyes.
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0.8-
T=293 K

tive value. The exact dependence of ~ on n for small
values of n is under further investigation experimentally
and also theoretically.

At temperatures T &220 K, the relaxation of PPC
proceeds faster as temperature increases, and the decay is
no longer well described by a single stretched-exponential
function. Figure 7 shows a normalized decay curve ob-
tained at 293 K for 1000 s of light illumination. We see
that the same level excitation photon dose induces PC
and PPC simultaneously, and the conductance is about
10% of its initial level after 1000 s of decay time even at
room temperatures. The PPC decay as illustrated in Fig.
7 has two components, and the decay can be described by
an initial rapid decay followed by a stretched-exponential
decay. In the description of the random local-potential
fluctuation model, at higher temperatures (T )220 K),

a=a +bIn, (12) 0.6-
0

where a and b are constants, and n is the excitation pho-
ton dose. In Fig. 6, we replot the data in Fig. 2 according
to Eq. (12), ~ versus 1/n, which shows a perfect linear be-
havior. From Fig. 6, we obtain that a =820 s and
b = —1.74X10 ' s/cm . A more fundamental relation-
ship between ~ and EF, the Fermi energy of the electron,
should exist. EF depends on the excitation photon dose
n. However, the relation between EF and n is not yet es-
tablished at this stage. From Fig. 6, we see that if we ex-
trapolate to n approaching infinite, the maximum value
of ~ which can be obtained at 170 K is about 820 s. The
relation between v and n should be deviated from Eq. (12)
for small values of n (n~0) because r is always a posi-

0
0

~ ~ 0
0 4 4 y ~

I I

3OO 6OO 9OO 1200

Time(s)
FIG. 7. Normalized decay curve obtained at 293 K for 1000 s

of light illumination. The excitation intensity used is about
2 X 10' photons/cm s. The current value at t =0 is 3.66 nA.
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the thermal energy is sufficiently high so that some elec-
trons can be transferred to the maximum of barrier
height, E„„to recombine with holes soon after photoex-
citation, which contribute ta the PC part. The slow re-
laxation part corresponds to tail states contributing to
PPC. Fitting data from 320 to 1000 s with the stretched-
exponential decay yield the results that ~=107 s and
@=0.32. To date, there is no reported results on any oth-
er materials which exhibit well-characterized PPC at
room temperatures. We believe that, for mixed crystals
with large compositional Auctuations, well-characterized
PPC should be observed at room temperatures, which is
of technologically importance because such an effect can
be easily utilized.
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IV. COMPARISON TO OTHER MATERIALS

Presently, it is widely accepted that the DX center
which undergoes a large lattice relaxation is the origin of
PPC observed in AI„Ga, „As/GaAs materials. It was

suggested that at least two mechanisms are responsible
for PPC observed in the Al„As& „As system, ' namely
the presence of the DX centers, and the charge separation
at the barrier. By removing the junction-causing GaAs
substrate, Collins, et al. attempted to distinguish be-
tween the DX and the macroscopic barrier models.
However, they found that the PPC is due primarily to
charge separation at the AI„Ga, „As/GaAs heterojunc-
tions. A PPC effect is also observed previously in
doping-modulated amorphous silicon superlattices, in
which no PPC could be induced at temperatures T & 80
K." This behavior is similar to the effect exhibited by
Zn03Cd07Se mixed crystal here. The authors proposed
deep traps of acceptor-like "AX centers" to be the origin
of PPC. In this model, the Axcenter is analogous to the
DX center, yet it implies a thermal barrier against the
creation of PPC at low temperatures. However, the
high-temperature annealing effects on PPC observed in
such a system ruled out the mechanism requiring deep
traps 12r 51

We think that an important part missing in previously
published literature in studying the PPC effect in various
bulk materials is the relaxation process of stored charge
carriers which contribute to PPC. In fact, from our point
of view, whether a theoretical model can thoroughly ex-
plain the PPC effect greatly depends on whether or not it
can successfully formulate the decay behavior. The DX
center of the large lattice relaxation model certainly is
not at this stage yet. The macroscopic barrier model pre-
dicted a decay formula which is suitable for artificia11y
constructed layered materials. Here, we analyze the PPC
decay behavior of previously published data, and attempt
to give mare information on the nature af PPC in various
other materials.

For illustration, in Fig. 8, we reproduce the plots of (a)
In [Inn(0) —lnn(t)] versus Int for experimental data ob-
tained for Te-doped AQ 36Gac ~As material at 63 K (Ref.
2), where n is the electron concentration; (b) ln
[Incr(0) —Incr(t)] versus Int for data obtained for Si-
doped AQ3G~7As at 85 K (Ref. 52), where cr is the
measured conductance, and the dark conductance level

In t
FIG. 8. Plots of (a) In[Inn(0) —Inn(t)] vs lnt for experimen-

tal data obtained for Te-doped Alo 366ao 64As material at 63 K
(Ref. 2), where n is the electron concentration; (b)

In[Incr(0) —Incr(t)] vs Inc for data obtained for Si-doped

A10 3Gao 7As at 85 K (Ref. 52), where o. is the measured conduc-
tance, and the dark conductance level has been taken to be 2.5
microsiemens; (c) ln[lnC'(0) —InC'(t)] vs lnt for pressure-
induced PPC effect in Si-doped GaAs at 77.2 K (Ref. 18), where

C is the photocapacitance, and the time dependence of C' is

proportional to the time dependence of bulk carrier concentra-
tion; (d) semi-insulating bulk GaAs at 77 K for 9.5 min of light
illumination (Ref. 53). The units of time for all the plots are in

s. The solid lines are a guide to the eyes.

has been taken to be 2.5 microsiemens; (c) ln
[lnC (0)—lnC (t)] versus lnt for the pressure-induced
PPC effect in Si-doped GaAs at 77.2 K (Ref. 18), where C
is the photocapacitance, and the time dependence of C is
proportional to the time dependence of bulk carrier con-
centration; (d) ln [lnI(0) —lnI(t)] versus lnt for semi-
insulating bulk GaAs at 77 K for 9.5 min of light il-
lumination (Ref. 53). PPC exhibited by the AI, Ga'-, As
materials with different dopants and Al concentrations
have a similar behavior. The pressure-induced PPC effect
in Si-doped GaAs has a much longer relaxation time,
however, with a relatively close value of P (=slope of the
plots). The semi-insulating bulk GaAs shows quite
different behavior, i.e., much smaller values of P and r.
However, the linear behaviors for all of these plots are
evident, which indicates that the decay of the photoexcit-
ed charge carriers in the above-mentioned materials can
be described by the stretched-exponential function. The
decay exponents P and the characteristic decay-time con-
stants for materials listed in (a), (b), (c), and (d) are 0.51
and 594 s, 0.5 and 497 s, 0.43 and 282 764 s, and 0.22 and
0.63 s, respectively. The decay kinetics of PPC observed
in these materials has not yet been established. The rnac-
roscopic barrier model predicates a PPC decay essentially
logarithmic in time. The DX center of the large lattice
relaxati. on model predict recombination rates to be
governed by monomolecular or possibly bimolecular re-
action kinetics. In fact, it has been suggested by Camp-
bell and Streetman that the decay of PPC observed in
Al(j 35Gao 65As material can be described by variations of
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stretched-exponential forms. Observation of stretched-
exponential decay of PPC in various materials suggests
that the random local-potential fluctuations induced by
compositional fluctuations or impurity distributions may
play an important role for the relaxation of the photoex-
cited charge carriers except for semi-insulating bulk
GaAs because much smaller values of ~ and P were ob-
served. The physical meaning of stretched-exponential
decay of PPC in semi-insulating bulk GaAs is not clear
and the decay kinetics in this material remains to be in-
vestigated. We should point out that we also fit the decay
of PPC observed in artificially constructed layered ma-
terials at low temperatures ' to the stretched exponen-
tial. We found that there are multiple values of P and r
which give a least-squares fit. However, small variation
in P result in several orders of magnitude change in r.
Thus such a fit yields no physical significance. This im-
plies that PPC observed in artificially constructed layered
materials does not exhibit any characteristic phenomena
of disordered systems, and is caused by the spatial separa-
tion of the photogenerated charge carrier by the built-in
macroscopic barrier due to band bending at the hetero-
junction interface.

As temperature increases, the decay behavior of PPC
observed in the Al, Ga& As system deviates from the
stretched-exponential form, which is similar to the PPC
behavior in Zno 3Cdo 7Se mixed crystal. However, the de-

cay of PPC observed in various other materials at higher
temperatures obeys the power law. In Fig. 9, we repro-
duce the plots of (a) Inn(t) versus lnt for Te-doped
Ala 3Ga07As at 76 K (Ref. 2); (b) lnC (t) versus 1nt for
Si-doped GaAs under pressure at 91 K (Ref. 18); (c)
InI(t) versus Int for modulation doped amorphous silicon
(a-Si) superlattice at 300 K (Ref. 11). The PPC-decay
curves of different materials have been rescaled for pre-

sentation. The low-temperature data for the modulation
doped silicon superlattice is not available. The PPC
effect observed in doping-modulated a-Si superlattice
may be a consequence of the random potential fluctua-
tions induced by compensation doping. It is known that
for a large degree of compensation the charge carriers are
distributed highly inhomogeneously in localized regions
of impurity potential relief. All the plots in Fig. 9 de-
pict linear behaviors, which demonstrates that the decay
of PPC observed in various materials at higher tempera-
tures obeys the power law. The link between the
stretched-exponential and the power-law relaxation has
not yet been established. However, the dynamics of a mi-

croscopic model for continuous-time random walk have
been investigated most recently, in which case the
Walker's motion includes the hopping of a localized par-
ticle and a spin (or dipole) flip. The waiting-time distri-
bution Q(t) derived from the time-dependent perturba-
tion theory has an expression Q(t)=exp( at—' ~') for
0 P&2 and Q(t)=t for P=2. The authors pointed
out that applications of their theory include dispersion
diffusion, the transient drift of hopping controlled light
excitation in a-Si:H, and the thermoremanent magnetiza-
tion on spin glasses. Based on such theoretical calcula-
tions, the coexistence of the stretched-exponential and
the power-law relaxation at different temperatures in
disordered systems is not a surprising observation.

Some published decay data of PPC cannot be fitted by
either the stretched-exponential or the power-law decay.
However, in most of these cases, a clear PC effect is
presented. Therefore, these results are not contrary to
our interpretations. Other supporting evidence for the
random local-potential fluctuation model is the observa-
tion of the PPC effect in compensated crystalline bulk
CdS single crystal, in which a sharp transition in PPC
occurs near 1.5 K. The transition temperature occur-
ring at lower temperature in CdS may be interpreted as
being due to the fact that the degree of the potential fluc-
tuation due to the compensation is much lower in the
CdS single crystals than that in mixed crystal alloys. On
the other hand, for mixed crystals with smaller composi-
tional fluctuations, the transition temperature should
occur at lower temperatures. This interpretation is
confirmed very recently by our experimental results ob-
tained on a higher-quality CdSO 5Seo 5 mixed crystal, in
which a similar phase transition takes place near 15 K.

V. CONCLUSION
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FIG. 9. Plots of (a) inn (t) vs lnt for Te-doped Ala 3Gao 7As at
76 K (Ref. 2); (b) lnC (t) vs lnt for Si-doped GaAs under pres-
sure at 91 K (Ref. 18); (c) lnI (t) vs lnt for the modulation doped
amorphous silicon superlattice at 300 K (Ref. 11). The units of
time for all the plots are in s. The solid lines are a guide to the
eyes.

PPC has been investigated in a Zno 3Cdo 7Se mixed
crystal. A phase transition corresponding to electrons
activated from localized to percolation states has been
discovered. The PPC relaxation follows the stretched-
exponential-decay behavior at low temperatures. Based
on the experimental observations, we interpreted the ob-
served PPC in terms of the random local-potential fluc-
tuations induced by the compositional fluctuations. The
correlation between the critical temperature T&, and the
fluctuation parameter o of the sample has been theoreti-
cally established. The PPC-decay behavior for previously
published data on various materials is also analyzed. We
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found that at low temperatures, the decays of PPC exhib-
ited by Te- and Si-doped Al, Ga& „Ga and Si-doped
GaAs under pressure can be described by the stretched
exponential. At higher temperatures, the decay of PPC
in these various materials follows the power law. Since
the stretched-exponential decay and critical behavior are
characteristic phenomena of disordered systems, we
think that the random local-potential fluctuations in-

duced either by compositional fluctuations or by impurity

distributions may also cause the PPC e8'ect in other sys-
tems.
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