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Positive and negative persistent photoconductivity in a two-side-doped
In0.53Ga0.47As/In0.52Al0.48As quantum well
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We present detailed studies of the persistent photoconductivity effect in In0.53Ga0.47As/In0.52Al0.48As quan-
tum well, including wavelength, temperature, and time dependencies. We found conclusive results that show
competition between the positive and negative persistent photoconductivity effects. We suggest that a complete
understanding of the decay and buildup kinetics in the entire temperature region must incorporate both the
positive and negative effects. We conclude that the major positive effect is due to the band-to-band electron-
hole generation in the well layer followed by the spatial charge separation and the negative effect is related to
the pumping of the two-dimensional electrons into the doped barrier layer followed by the decrease of mobil-
ity. @S0163-1829~99!03443-8#
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I. INTRODUCTION

The InxGa12xAs based heterostructures are of great int
est for high speed and optical devices. Especially when t
cover the 1.3 to 1.6mm wavelength which is the low los
and low dispersion region of optical fiber communicatio
Furthermore, they have many superior electrical and opt
properties, such as higher electron mobility, larg
conduction-band discontinuity, and lower electron effect
mass, etc. than those of the GaAs system. Thus conside
experimental and theoretical effort has been made tow
the understanding of the electrical and optical properties
the InxGa12xAs based heterostructures. The effect of pers
tent photoconductivity~PPC! has been reported in this mat
rial system.1 However, the experimental result is incomple
and the underlying mechanism is still not clear. PPC effec
photoinduced conductivity that persists for a very long p
riod of time after the termination of the photoexcitation. Th
effect has been observed in many semiconduc
materials.2–6 Many basic physical processes in semicond
tors can be studied by this phenomenon such as the op
excitation, transport, storage, and relaxation of charge ca
ers. In this paper, we present a detailed study of the P
effect in an In0.53Ga0.47As/In0.52Al0.48As heterostructure. De
pending on the experimental conditions, the heterostruct
can exhibit positive or negative persistent photoconductiv
effect. Based on the studies of the dependencies on ener
excitation, temperature, and time, the underlying mechan
of the PPC effect is proposed to explain all our observati

II. EXPERIMENT

We performed our measurements upon
In0.53Ga0.47As/In0.52Al0.48As heterostructure that is two-sid
doped with silicon. It was grown by molecular-beam epita
on an InP~100! substrate. A superlattice consisting of te
periods of 50/50-Å-thick InxAl12xAs/InxGa12xAs, was
grown on the substrate followed by an undoped 2500
thick InxAl12xAs. The following sequence of th
modulation-doped structure includes a Si-doped 50-Å-th
InxAl12xAs layer, an undoped InxAl12xAs spacer of thick-
ness 150 Å, a well layer made up of 100-Å InxGa12xAs, an
undoped InxAl12xAs spacer of thickness 120 Å, a Si-dope
PRB 600163-1829/99/60~19!/13318~4!/$15.00
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200-Å-thick InxAl12xAs, and a Si-doped 80-Å-thick
InxGa12xAs. The two-dimensional electron gas is confin
in the InxGa12xAs well layer. From Hall measurements, th
mobility is 5.03103 cm2/V s at 300 K, 1.893104 cm2/V s at
77 K, and the carrier concentration is 3.331012cm2 at 77 K.
For the PPC measurement a Halogen lamp was used a
light source. A monochromator and an appropriate filter w
used to obtain the right photon energy as desired. Oh
contacts were formed by indium alloying on the sample s
face. The sample was attached to a copper sample ho
which is inside a closed-cycle He refrigerator, with ca
taken to ensure good thermal contact yet electrical isolat
The bias voltage was supplied and measured by a Keith
236 source measure unit. The low excitation level was ca
fully kept to ensure the dominance of PPC. The data
tained at different conditions were taken in such a way t
after a measurement the system was gradually heated u
room temperature to recover the sample to its initial state
then cooled down again in the dark to the temperature
measurements. This is to ensure that the data obtained
each measurement has the same initial condition. Detail
the PPC measurement procedure was similar to that
scribed previously.7

III. RESULTS AND DISCUSSION

From our PC data and published reports,1,8 the band gap
of the InxGa12xAs is about 0.81 eV and the InxAl12xAs is
1.5 eV at 4.2 K. Thus we can examine the different pho
conductivity effects from the different layers by using ph
toexcitatoin above or under the barrier energy gap.

A. PPC buildup transient

1. Above-barrier photoexcitation

Figure 1 presents the plot of PPC buildup curves obtai
for the InxGa12xAs/InxAl12xAs heterostructure at differen
temperatures. The energy of the excitation photon is fixe
1.55 eV. The same photon dose was used for this set of d
The dark current has been subtracted out and the norma
tion is done by the final levelC just before the termination o
illumination. The curves obtained for the high-temperatu
region (T.100 K) and the low-temperature region displa
13 318 ©1999 The American Physical Society
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PRB 60 13 319BRIEF REPORTS
different features. At temperatures higher then 100 K,
buildup curves solely increase to their saturation level dur
buildup process. Yet, for those obtained lower than 100
show a quite different shape. The light is turned on atA, and
betweenA and B, these curves rise sharply in this sma
interval of time. Surprisingly, with the illumination kep
turned on, the photocurrents begin to drop after passingB.
Given sufficiently long time, these photocurrents would re
to an equilibrium levelC. The critical temperature for the
transition is about 100 K. We have to point out that t
critical temperature shifts somewhat depending on the
ergy and the intensity of light. The observed PPC build
curves are quite different from those obtained from the m
terials exhibiting only conventional photoconductivit
which has a typical transient response time on the orde
1026 s.

2. Under-barrier photoexcitation

The buildup curves obtained for under-barrier photoex
tation also have a transition temperature around 100 K.
the distinction between the buildup curves obtained in
different temperature regions further intensifies for und
barrier photoexcitation. The buildup curves obtained in
high-temperature region (T.100 K) have the same behavio
as that obtained for above-barrier photoexcitation. Howe
the buildup curves obtained in the low-temperature reg
display quite dramatic properties as shown in Fig. 2. Af
the light is turned on, the current increases sharply from
dark current level atA to a local maximum level atB, and
then begin to decrease intensively to a lowest possible l
C. Finally, it gradually increases with the illumination to th
final levelD. The light is turned off atD. Because of the low
buildup rate fromC to D, the real saturation was neve
achieved in our experiments. The drop fromB to C decreases
with the increase of temperature until it vanishes at so
temperature. Such a drop in conductivity during illuminati
is termed as negative photoconductivity,9–11 contrary to nor-
mal positive photoconductivity. The experimental resu
show that the positive photoconductivity effect dominates
the buildup process at temperatures above 100 K, whil
temperatures below a critical value~Tc;100 K in our study!,

FIG. 1. PPC buildup curves obtained at different temperatures. The
ergy of the excitation photon is fixed at 1.55 eV, which is larger than
InxAl12xAs band gap. The dark current has been subtracted out and
normalization is done by the saturation current just before the terminatio
illumination.
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the negative photoconductivity effect plays a role and ev
attains dominance for temperatures lower then 50 K.

B. PPC decay

1. Above-barrier photoexcitation

The normalized decay curves obtained at different te
peratures are shown in Fig. 3. We discovered that the wh
temperature region can be divided into two regions acco
ing to the temperature dependence of decay rate. PPC de
slower with increasing temperature in the temperature reg
of 50 to 100 K. This is unexpected from the present exist
PPC models. However, as temperature increases to a
100 K, PPC shows the usual behavior, i.e., the PPC re
ation rate increases as temperature increases. In the full
range, we found that the decay kinetics can be well descri
by the stretched-exponential function

I PPC~ t !5I PPC~0!exp@2~ t/t!b# ~0,b,1!, ~1!

whereb is the decay exponent andt is the decay time con-
stant. I PPC(0) is the buildup current att50, which is the
moment the excitation is being terminated. Relaxation of d
ordered systems towards equilibrium often obeys such a t

law which is not exponential. It can also be used to descr
the PPC behavior due toDX centers in AlxGa12xAs.3 The

n-
e
he
of

FIG. 2. PPC buildup curves for under-barrier photoexcitation of 0.99
obtained at temperatures under 100 K.

FIG. 3. PPC decay curves obtained at different temperatures. Each c
is normalized to unity att50, which is the moment that the illumination i
terminated, and dark current has been subtracted out. The energy o
excitation photon is 1.9 eV.
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13 320 PRB 60BRIEF REPORTS
plot of the decay exponent versus temperature is show
Fig. 4. We found that it exhibits a curiousV shape with
central minimum at about 100 K. Figure 5 shows the plot
decay time constant as a function of temperature, an
shows aL shape with central maximum at 100 K. If w
assume that in the regionT.150 K, the decay process i
thermally activated. The decay time constantt for thermally
activated recombination can be described by

t5t0 exp~Ec /kT!, ~2!

where Ec denotes the carrier capture barrier, andt0 is a
constant. The recombination barrier calculated in the reg
T.150 K is about 300 meV.

2. Under-barrier photoexcitation

For the condition of under-barrier photoexcitation the n
malized decay curves obtained in the high-temperature
gion, T.125 K, exhibit stretched-exponential behavior a
is consistent with Eq.~1!. The decay time constantt declines
as temperature increases, and the decay exponent incr
as temperature increases. The decay curves with photo
tation of 0.99 eV in the low-temperature region are shown
Fig. 6. After the illumination is turned off att50, the current
undergoes a sharp drop to a minimum atE. The long-term
relaxation behavior depends on the temperature. The cu
increases in the temperature region of 75 to 100 K, and
sists in decaying at temperatures below 50 K. It is wo

FIG. 5. Plot of lnt vs temperature, wheret is the decay time constant
The energy of the excitation photon is 1.55 eV.

FIG. 4. Plot of the decay exponentb as a function of temperature. Th
same photon dose was kept. The energy of the excitation is 1.55 eV.
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pointing out that the final levelF is even lower than the dark
current levelA ~in Fig. 2! significantly at temperatures below
75 K. We thus confirm that theN PPC effect exists and
dominates in the low-temperature region for the und
barrier photoexcitation.

Our main results for the PPC effect in InAlAs/InGaA
quantum well can be summarized as follows.

1. For above-barrier photoexcitation. No negative persis-
tent photoconductivity is found in the relaxation process
the entire temperature region investigated. However, the
fect of negative photoconductivity plays a role in the build
process at temperatures below 75 K.

2. For under-barrier photoexcitation. There exists a criti-
cal temperatureTc . The regime changes from negative PP
to positive PPC as temperature increases overTc . In our
studied sample, the transition is around 100 K. The nega
photoconductivity is clearly observable at temperatures
low 100 K and takes over dominance at temperatures be
75 K under illumination. The relaxation of negative phot
conductivity can be seen in the temperature region of 75
100 K. Outside this region the relaxation of the negat
effect becomes negligible. To our knowledge, this is the fi
observation of the coexistence ofN PPC and PPC during
illumination and both of them are truly persistent in o
InxGa12xAs/InxAl12xAs system.

C. Discussion

The positive PPC effect exists in both above-barrier a
under-barrier photoexcitation. Thus it is related to the opti
transition that takes place in the well layer only. Some p
vious studies had attributed PPC to defect trapping3,6

Defect-related physical processes that lead to negative
effect occurs only when photogenerated free electrons in
conduction bands in both barrier and well layers are captu
by the defect centers. Under illumination, all the defect c
ters would soon become occupied, and the negative P
effect would be saturated. Besides such an effect will app
more strongly in the above-barrier photoexcitation than
the under-barrier photoexcitation since the positive PPC
curs mainly in the well layer. However, this behavior is
contrast with our observation. Although defect trapping
often found to be the physical origin for the persistent ph
toconductivity effect, it is incapable of providing a tho
oughly consistent view for our complex observations.

FIG. 6. Plot of decay curves in the temperature regionT,100 K. The
energy of the excitation photon is 0.99 eV.
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PRB 60 13 321BRIEF REPORTS
stead, we found that a model based on the competi
between the excitation of a two-dimensional electron
~2DEG! and spatial separation of photoexcited charge ca
ers could best explain all our experimental results. T
physical process of the photoresponse of the observed
effects can be understood as follows.

~1! The initial sharp rise in conductivity in the buildu
process is due to the band-to-band electron-hole genera
in the barrier or well layer, depending on the photon ener
which is a fast process in nature.

~2! Afterward, the electrons are pumped from the 2DE
channel into the conduction band of both barrier layers
companied by the decline of mobility. The conductivity
reduced provided that this effect is stronger than the ba
to-band excitation. It explains why the dominant negat
photoconductivity appears when the illumination is set
excite the well layer only and disappears when both the b
rier and well layers are excited at the same temperature

~3! The decrease of the electron density in the 2D
channel smooths the band bending at interfaces and thu
duces the barrier due to the band bending. As a conseque
electrons in the conduction band of barrier layers tend
return to the 2DEG channel at a higher rate. The equilibri
between the pumping and returning of the 2DEG electron
responsible for the true saturation of the buildup current.

Electrons return to the 2DEG channel from the cond
tion band of the barriers more quickly at higher tempe
tures. It accounts for the observation that the negative ef
decreases as the temperature increases and finally it van
at some temperatures above 100 K. Hence the negative
toconductivity effect does not contribute in the buildup pr
cess at temperatures above 100 K.

~4! The conductivity drops rapidly for several secon
after the light is turned off because of the termination of
positive contribution due to the band-to-band electron-h
generation.

~5! Both positive and negative effects contribute to t
photoconductivity we observed. At temperatures below
K, negative PPC decays slowly due to the lack of therm
energy and the relaxation is dominated by the positive P
which is due to the spatial separation of the photoexc
electrons and holes in the well. In the temperature region
50 to 100 K, the process where electrons in the conduc
band of the barriers are thermally excited and return to
2DEG channel starts to play a role. It accounts for the ob
vation that the conductivity increases slowly after the ra
decrease as shown in Fig. 6. Thus the rapid drop after
moving the illumination is the only observable effect th
comes solely from the positive photoconductivity in the te
perature region where the relaxation is dominated by
negative PPC.
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~6! We suggest that a full understanding for the tempe
ture dependence of the decay parameters obtained for ab
barrier photoexcitation must also incorporate the nega
PPC effect, although it never reaches dominance in the o
all photoresponse.

According to the above model, we know that at low tem
peratures (T,100 K), negative PPC plays an important ro
The negative PPC is due to the fact that electrons in the w
are photoexcited into the conduction band of the bar
layer. The return of the photoexcited electrons is prohibi
by the band bending at interface. Because the band ben
is small, the negative PPC thus occurs at low temperatu
On the other hand, at higher temperatures (T.100 K), posi-
tive PPC dominates the photoresponse, and it is cause
the spatial separation of photoexcited electrons and ho
This mechanism can also be used to explain the anoma
behavior of decay parameters as shown in Figs. 4 and 5
low temperatures, the return of the photoexcited electr
from the barrier layer into the well layer reduces the dec
rate of the electron concentration in the well and causes
increase of the decay time constantt and also the reduction
of the decay exponentb. At high temperatures, positive PP
becomes the dominant process, and thusb andt behave like
the decay parameters associated with the positive PPC e
observed in many other materials.6,7 In this case,t decreases
andb increases with increasing temperature.

IV. CONCLUSION
We have presented detailed studies of the persis

photoconductivity effect in a two-side-dope
In0.53Ga0.47As/In0.52Al0.48As quantum well, including pump-
ing energy, temperature, and time dependencies. We h
systematically measured the PPC decay parameters as
tions of temperature in the entire PPC region. We obser
the existence of the unusual negative photoconductivity
fect in the low-temperature regionT,100 K. We found con-
clusive results which show competition between the posit
and negative persistent photoconductivity effects. At te
peratures below a critical temperatureTc(100 K), the nega-
tive effect dominates, while aboveTc the positive effect be-
comes the dominant factor. We suggest that a comp
understanding of the decay and buildup kinetics in the en
temperature region must incorporate both the positive
negative effects. We conclude that the major positive eff
is due to the band-to-band electron-hole generation in
well layer followed by the spatial charge separation and
negative effect is related to the pumping of the 2DEG el
trons to the doped barrier layer.
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