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Stretched-exponential decay of persistent photoconductivity (PPC) has been observed in

Alo 3Gao 7As in the temperature region T& 90 K. The decay time constant and exponent have been
measured at diff'erent temperatures. Experimental results show that the thermal activated capture
of electrons at the DX centers becomes negligible at T&40 K. However, a transition from a
thermally activated to a nearly-temperature-independent tunneling capture at a temperature on the
order of 40 K has been observed for the first time for Alo 36ao 7As, which is consistent with the
multiphonon-emission model for DX centers of large lattice relaxation.

There has been a considerable amount of experimental
and theoretical effort directed towards the understanding
of persistent photoconductivity (PPC) in Al„Ga, „As.
It is widely accepted that photoexcitation of electrons
from deep-level traps, DX centers, which undergo a large
lattice relaxation is the origin of PPC observed in these
materials. ' In this model, PPC has resulted because re-
capture of electrons by DX centers is prevented by a
thermal barrier at low temperatures. The nature of the
DX center is under intensive investigation. Recently,
Chadi and Chang indicate that DX is a highly localized
and negatively charged defect center (D ) which
behaves as a negative-U center. ' However, recent mag-
netic studies of PPC in n-type Al, Ga, As by Khacha-
turyan et al. show evidence that the DX center is a
paramagnetic donor with one unpaired electron. There is
evidence that the number of DX centers equals the num-
ber of doped donors, and that DX centers behave as deep
and shallow bistable states. ' It has been suggested by
several groups that DX centers are impurities linked to
the L conduction band, " ' which undergo a shallow-
deep instability due to intervalley mixing. '

The capture kinetics of electrons on DX centers has
been studied by several groups, ' ' however, they have
not yet been well established. Systematic study of the
electron-capture process at low temperatures (T & 50 K)
has never been achieved previously because of very long
PPC decay time and the lack of knowledge of decay
form. Obviously, the decay kinetics is very important in
determining the origin for the slow relaxation of the pho-
toexcited charge carriers. Recently, the random local po-
tential fluctuations induced by compositional fluctuations
in Zno 3Cdo 7Se mixed crystals were found to be responsi-

ble for PPC, and a PPC-related phase transition was ob-
served for the first time in which the stored charge car-
riers experience a transition from localized to delocalized
states at a transition temperature. ' ' The decay of PPC
observed in this material follows a stretched-exponential
function. Because of nonexponential decay of PPC ob-
served previously in Al Ga, „As materials, one usually
cannot determine accurately the capture time constants
7g and the capture thermal barrier. Instead, one usually
determines ~& from the —,

'- or —,'-signal point. ' ' It was
suggested that the decay of PPC observed in
Alo 35Gao 65As can be described by variations of
stretched-exponential forms. ' The decay of PPC ob-
served in Si-doped GaAs under pressure and in various
other materials is found to follow a stretched-exponential
function at low temperatures and a power-law form at
higher temperatures.

In this paper, the PPC relaxation process is investigat-
ed for Alo 3Gao 7As material throughout the temperature
range of T) 10 K. We found that in the temperature re-
gion T (90 K, the PPC relaxation follows stretched-
exponential decay behavior. The characteristic decay
time constant and the decay exponent have been deter-
mined systematically as functions of temperatures. In the
temperature region 40(T (90 K, the decay rate of
charge carriers shows an activated behavior. However, a
transition from a thermally activated to a tunneling cap-
ture at a temperature of about 40 K and a nearly constant
PPC relaxation rate at T~O K have been observed for
the first time, which is consistent with the multiphonon-
emission model for DX centers of large lattice relaxa-
tion.

The samples used in this study were Alo 3Gao 7As epi-
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taxy layers of 2 pm, doped with 3.3X10' cm Si,
grown on a semi-insuating GaAs(100) substrate, and were
supplied by Spire Corporation. Ohmic contacts 1 mrn in
diameter and about 7 mm apart were formed by indium
alloying (400'C 20 min) on the layer surface. The sample
was attached to a copper sample holder, which is inside a
closed-cycle He refrigerator, with care taken to ensure
good thermal contact yet electrical isolation. A tempera-
ture controller enabled us to stabilize the temperatures to
about 0.1 K. A neon lamp was used along with appropri-
ate filter so that a few lines within the region of 6000
A (A.,„,(7050 A dominated the output of the excitation
source. Typical intensity used in the measurements was
about 10' photons/cm s. PPC can be thermally
quenched at about 150 K in this sample, and the intensity
we used induces no photoconductivity (PC) at all temper-
atures. The data obtained at different conditions were
taken in such a way that the system was always heated up
to room temperature to convert the illuminated sample to
its initial state and then cooled down again in darkness to
the temperature of measurements. The equilibration time
at each temperature is about 40 min.

In Fig. 1, we show PPC decay curves for three
representative temperatures. The results are obtained by
illuminating the sample by exactly the same amount of
photon dose at different temperatures. All three curves
are normalized to unity at t =0, the moment illumination
is terminated, and the dark equilibrium current has been
subtracted out. We see that the relaxation time of PPC
becomes very long below 60 K and the PPC level is still
about 98%%uo of its initial value after 3000 s of decay at 60
K. However, the decay behavior in the temperature re-
gion ( T & 90 K) is very well described by stretched-
exponential functions:

r= A exp(Ec/kT) (2)

which is well known. Here, E& denotes activation ener-

gy of the capture of electrons at the DX centers measured
from the quasi-Fermi-level in the lowest conduction
band. ' In writing Eq. (2), we assume that the variation

Ippc(t) =Ippc(0)exp[ —(t /r)~], 0 & P & 1,
where r is the characteristic decay time constant and P
is the decay exponent. However, as the temperature
increases to above 90 K, the decay deviates
from stretched-exponential behavior. The stretched-
exponential decay frequently describes the relaxation of a
wide class of disordered systems toward equilibrium. Ob-
servation of stretched-exponential decay of PPC in

A103Gao7As material suggests that random potential
fluctuations induced by impurity distribution may play
an important role in the process of carrier relaxation.
In Fig. 2, the experimental decay curves shown in Fig. 1

are replotted as ln [lnIppc(0) lnIppc(t)] versus lnt;

linear behavior is evident. r and P as functions of tem-

perature have been determined. Figures 1 and 2 show
that the decay rate increases as temperature increases.
Figure 3 presents a plot of 1nr versus 1/T, which shows

that ~ changes by 8 orders of magnitude as temperature
varies from 80 to 10 K. To our knowledge, this is a first

experiental attempt of systematically measuring the PPC
decay time constant as a function of temperatre in the en-

tire region of interest. w as large as 4.7 X 10' s at 10 K is

observed for the first time here. From Fig. 3, the decay
time constant monotonically increases with decreasing
temperature. The important physics in Fig. 3 is twofold.
First, the decay time constant ~ in the temperature region
of T )40 K has an activated temperature dependence of
the form
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FIG. 1. PPC decay curves obtained at three representative
temperatures. Each curve is normalized to unity at t =0, the
moment of illumination is terminated, and dark current has
been subtracted out. Illumination intensity used is about 10'
photons/cm's and exposure time is 100 s. I(0)=8.1 mA at
T=80 K, I(0)=7.8 mA at T=60 K, and I(0)=7.4 mA at
T =40 K.
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FIG. 2. Replot of Fig. 1 as 1n [InIppc(0) 1 Inpp (c)r] vs

lnt. Linear behavior indicates that the PPC relaxation is
well described by stretched-exponential function, I»c( t)
= Ippc(0)exp[ —

( t Ir)~ j, where r is the characteristic decay time
constant and P is the decay exponent.



BRIEF REPORTS 5857

temperatures as

30

Ala ~Gao 7As ~=~o(%+1) ~e

where

1

O„,n. ( V)

(4)

c 20

10

I I

0.05 O. 10
&/v (K ')

O. 15

FIG. 3. Plot of ln~ vs 1/T. Excitation intensity used is about
10' photons/cm' s and exposure time is 100 s.

of quasi-Fermi-level during the decay process at a con-
stant temperature is negligible because the lifetime of the
charge carriers in the conduction band is very long at low
temperatures ( T & 90 K). However, Ec depends on the
initial quasi-Fermi-level induced by photoexcitation,
since ~ depends on the initial PPC buildup level at a con-
stant temperature. E& calculated from the region of
40 & T & 90 K of the plot is about 160 meV. Second, Fig.
3 clearly shows two distinctive regions at the high-
temperature ( T )40 K) and the low-temperature ( T &40
K) regions. Most importantly, a nonzero decay rate
(finite lifetime) at temperature T=0 can be obtained
unambiguously by extrapolating experimental results to
T=O. In the low-temperature region, the decay time
constant depends weakly on temperature.

In the large lattice-relaxation model, PPC decay at
higher temperatures is dominated by a thermal activation
capture of electrons in the conduction band at the DX
centers which are separated from the conduction band by
a thermal barrier in the configurational space. At low
temperatures, the capture has been predicted to be dom-
inated by tunneling via multiphonon emission. ' In
this model description, the capture rate becomes constant
as T~O. The appearnace of the lnv. versus 1/T plot in
Fig. 3 shows precisely the behavior, which demonstrates
that the thermal activated capture of electrons at the DX
centers is negligible below about 40 K and the PPC decay
is caused by the tunneling processes at T & 40 K.

From multiphonon recombination theory, the cap-
ture cross section of the electrons at low temperatures
can be written as

o „=cr „o(N + 1 )~e (3)

where pkco is the net binding energy Eo, Ace is phonon en-

ergy, and N = [exp(%co/kT) —1] ' is the phonon popula-
tion. o.„o is the cross section at temperature T =0. S is
the electron-phonon coupling constant. From Eq. (3), we
can write the electron relaxation time constant at low

Here, n is the free-electron concentration and ( V) is
their average velocity. An important point is that ( V) is
not zero even at T =0 K because of the Fermi distribu-
tion.

Equation (4) has been compared to the experimental re-
sults of Fig. 3 at low temperatures (T & 40 K) to estimate
tunneling parameters. We found that phonon energy Ace

is about 3.7 meV, the electron-phonon coupling constant
S=9 and ~o is about 5X10' s. The net binding energy
Eo has been taken to be —100 meV. ' The important re-
sult we obtained here is that the multiphonon tunneling
between the conduction band and the DX centers is as-
sisted by acoustic phonons at low temperatures, since the
average phonon energy we obtained is about 3.7 meV.
The coupling between electrons and phonons seems to be
very strong here.

From Eq. (5), we can also obtain the capture cross sec-
tion o.„oof the free electrons. At T =0 K,

2E,

m*

[/2

' 1/2
3 2

Cf

6
fE,

1/2

(6)

with e~=(fi /2m*)(6m n/g) being the Fermi energy.
Thus, we have o „at T =0 K as

1 1 —, m*

ron( V) «o ' A(3' n)'
(7)

where the g factor has been taken as 2. We take the
electron effective mass m ' for Al„oa, „As as
m*=(0.067+0.083x )mo. From Eq. (7) we obtain

o.„o=4X10
1

CIIl
[n (cm )]

with the units of n being in cm . The free-charge-
carrier concentration is on the order of 10' cm, which
gives o.o=4X10 cm . The cause of the very long life-
time of PPC at low temperatures is this small capture
cross section.

The decay exponent /3 as a function of temperature is
plotted in Fig. 4. P is almost a constant value ( =0.20) in
the temperature region T & 40 K but varies in the
thermally activated temperature region, increasing from
about 0.21 to 0.47 as temperature increases from 40 to 80
K. The physical significance of P is not clear at this
stage. However, the temperature dependence of P gives
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FIG. 4. Plot of decay exponent P vs temperature T.

more supporting evidence that two different decay mech-
anism dominate in the low- and high-temperature re-
gions.

Although the decay of charge carriers in PPC mode
follows stretched-exponential form for both II-VI and
III-V mixed semiconductors, the decay mechanisms are

completely different. For Al Ga& „As, the decay of the
conduction electrons is caused by the process of thermal
activation over the capture barrier Ec in the high-
temperature region and is due to tunneling via multipho-
non emission in configurational space in the low-
temperature region. For II-VI mixed semiconduc-
tors, ' ' ' the decay of the electrons is caused by wave-
function overlap between electrons and holes in real
space, where electrons are localized (delocalized) at low

(high) temperatures, while holes are almost always local-
ized because of their heavier masses.

In conclusion, PPC relaxation processes in
Alo 3Gao 7As material have been investigated in the tem-
perature range T 10 K. We find that the PCC relaxa-
tion follows stretched-exponential behavior in the entire
temperature region T &90 K. A constant PPC decay
rate has been observed at T~0 K, consistent with the re-
sults expected from the large lattice-relaxation model. A
transition from a thermally activated decay to a multi-
phonon assisted tunneling at a temperature of about 40 K
has been observed. The origin for the decay behavior
remains to be investigated.

We thank Christopher Taylor of Spire Corporation for
providing samples for this work.
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