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Piezoelectric photothermal measurements of an AlxGa12xAs ~x50.22, 0.28, and 0.5! epitaxial layer
grown on a GaAs substrate were carried out in the temperature range of 297 to 80 K. In addition to
the band gap signal of the GaAs substrate, the direct transition gaps of AlGaAs were clearly
observed in the higher photon energy region. It was experimentally confirmed that the temperature
coefficient of the direct transition gap of AlxGa12xAs alloy decreases with increasing Al mole
fraction. By conducting the quenching light illumination measurements at 80 K we concluded that
the photoexcited electrons in the AlGaAs epitaxial layer drifted under the influence of an electric
field present at the AlGaAs/GaAs interface. The drifted electrons eventually recombined with the
ionized EL2 centers in the SI GaAs substrate. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1407309#

I. INTRODUCTION

An Al xGa12xAs epitaxial layer grown on GaAs is an
important alloy system for high performance heterojunction
devices such as the field effect transistor~FET!, the high
electron mobility transistor~HEMT!, and the heterobipolar
transistor~HBT!. In these alloy systems, liquid encapsulated
Czochralski~LEC! grown semi-insulating~SI! GaAs crystal
is used as a substrate. It is commonly understood that the SI
property of GaAs crystal~107 V cm resistivity! is accom-
plished due to presence of a deep donor levelEL2. Each
EL2 donor compensates a shallow carbon acceptor. In addi-
tion to its technological importance,EL2 acts as a trap cen-
ter and influences the device performance.1 A number of
studies have been conducted on the role ofEL2 in the carrier
transport properties of an AlGaAs/GaAs alloy system. But
among all the proposed models not a single one comprehen-
sively justifies all the observed features of the AlGaAs/GaAs
alloy system.

One of the reasons for nonavailability of a comprehen-
sive model is the lack of a suitable characterization method.
The optical absorption measurement is the most common
way of detecting dislocation or defect related levels in semi-
conductors. However, because of the low sensitivity of opti-
cal absorption measurement and low concentration ofEL2
(;1016cm23), a few millimeters thick sample should be
prepared to detectEL2.

The photoluminescence~PL! technique, due to its high
sensitivity and high spatial resolution features, is a powerful
tool to investigate shallow donor and acceptor levels at low
temperature (T;4.2 K). But the drawback of the PL tech-
nique is that it detects only the radiative recombination pro-

cesses. Whereas in the case ofEL2, the nonradiative electron
transitions are dominant over radiative transitions.

The photoacoustic~PA! spectroscopy has recently been
used for investigating physical properties of semi-
conductors.2 The main advantage of the PA technique is that
it is a direct monitor of the nonradiative electron transitions
in semiconductors. Periodic heat flow generated by the non-
radiative recombinations of photoexcited carriers causes an
acoustic wave in the surrounding gas and induces an expan-
sion or a bending of the sample. By employing a microphone
or a transducer these waves are detected as a PA signal. It has
been reported that the PA technique was applied to investi-
gate the energy band structures of some heterolayered
semiconductors.3–8 Unfortunately low temperature measure-
ments in the PA technique are extremely difficult. Hence in a
PA technique the accuracy of the low temperature measure-
ments for investigating deep levels such asEL2 is question-
able. Furthermore, electron transitions through a low density
of electronic states such as defect levels cannot be detected
due to the low sensitivity of the PA measurements.

To cater the deficiencies of the PA technique, we have
developed a new technique; the piezoelectric photothermal
~PPT! spectroscopy, employing a disk-shaped lead zircotitan-
ate ceramics piezoelectric transducer~PZT! as a detector.9 In
this method we can easily decrease the temperature of the
sample down to liquid helium temperature. Unlike the PA
technique, which utilizes a microphone3,4 or a ZnO
transducer,5–8 the sensitivity of this new technique becomes
very high at low temperature. Although some authors already
reported PA signal detection based on piezoelectric
phenomenon,10,11 the technique of low temperature measure-
ments was not established. We have already reported that by
using the PPT technique on a SI GaAs sample, the nonradi-
ative electron transitions involving deep donor levelEL2
and its metastability can easily be detected at low tempera-
tures (T,130 K).12,13

a!Electronic mail: fukuyama@ssp.phys.miyazaki-u.ac.jp
b!Present address: Kagoshima NEC Co., Ltd., Ohnohara, Demizu-city,

Kagoshima 899-0216, Japan.
c!Present address: Kyushu Matsushita Electric Co., Ltd., Hakata-ku
Minoshima, Fukuoka 812-0017, Japan.

JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 9 1 NOVEMBER 2001

43850021-8979/2001/90(9)/4385/7/$18.00 © 2001 American Institute of Physics



The aim of this article is twofold. One is to report our
extensive studies on the PPT spectra of a heterostructure
sample, the AlGaAs epitaxial layer grown on the SI GaAs
substrate, in the temperature range of 297 to 80 K. In this
respect we show that in addition to the band gap signal of
GaAs, the direct transition gaps of the AlGaAs were clearly
observed in the higher photon energy region. The second
objective is to investigate the carrier transport properties of
the AlGaAs/GaAs alloy system. In other words, the role of
deep donorEL2 in the PPT signal generation mechanism is
to be investigated. Analyzing the results of quenching light
illumination at 80 K, we conclude that the photoexcited elec-
trons in the AlGaAs epitaxial layer drift under the influence
of an electric field present at the interface; these drifted elec-
trons eventually recombine with the ionizedEL2 centers in
the SI GaAs substrate.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The samples were prepared from the AlGaAs epitaxial
layers grown on a SI GaAs substrate. The nondoped
Al xGa12xAs epitaxial layers~1.5 mm thickness, Al mole
fraction x50.22, 0.28, and 0.5! were grown by the metalor-
ganic vapor phase epitaxy~MOVPE! method. Due to the
presence of residual carbon acceptors (@C#epi;1
31015cm23), nondoped AlGaAs shows ap-type conduc-
tion. The substrate was the carbon-doped, LEC grown SI
GaAs~600mm thickness!. The concentrations of deep donor
EL2 and shallow carbon acceptor in the substrate were 1.3
and 0.431016cm23, respectively.

The experimental configuration involving the sample
and the detector is shown in the inset of Fig. 1~a!. After the
samples were cut to the surface dimensions of about 1
31 cm2, a disk-shaped PZT was attached to the surface of
the GaAs substrate using a silver conducting paste. The
sample and the PZT were mounted on the cold finger inside
a cryostat. The setup enabled us to change the sample tem-
perature from 297 to 80 K. The probing light to measure the
PPT signal was mechanically chopped at a frequency of 100
Hz and was always focused on the surface of the epitaxial
layer side. The PPT signal generated by the nonradiative
electron transitions was detected by the PZT. A detailed ex-
perimental setup has already been reported.9

The PPT spectra in the temperature range of 297–80 K
were measured as a function of photon energy of the probing
light ranging from 1.1 to 2.8 eV. It was ascertained that the
light intensity of the probing light was sufficiently weak
(0.17 mW/cm2) to avoid any photoinduced change in the
spectra,12,13 a phenomenon to be discussed in the following
section.

Figure 1~a! shows the PPT spectra of AlxGa12xAs ~x
50.22, 0.28, and 0.5! at 297 K. In the lower photon energy
region around 1.4 eV, the PPT spectra of all the AlGaAs
samples show a rapid increase. Since the band gap energy
(Eg) of GaAs is 1.42 eV at 297 K,14 the rapid increase is
considered to be due to band-to-band electron transitions in
the GaAs substrate. In the higher photon energy region above
Eg of GaAs, several remarkable changes at 1.68 (A), 1.76
(B), and 2.05 eV~C points! are observed. The above-

mentioned remarkable changes are found shifting to the
higher photon energy side with increasingx. The phase-
component spectra of above PPT measurements at 297 K are
also shown in Fig. 1~b!. The PPT phase drastically delay
aboutEg of GaAs. As in the case of amplitude-component
spectra shown in Fig. 1~a!, remarkable changes in phase
spectra are also observed. Those phase spectral changes
match the photon energy positions of signals observed in
amplitude spectra.

FIG. 1. The PPT~a! amplitude and~b! the phase spectra of the AlxGa12xAs
~x50.22, 0.28, and 0.5! at 297 K. The experimental configuration involving
the sample and the detector is shown in the inset of~a!. In addition to the
band gap signal of the GaAs substrate, several remarkable changes at 1.68
(A), 1.76 (B), and 2.05 eV~C points! are observed in the higher photon
energy region.~a! also shows the PPT spectrum of a chemically etched
sample in which the AlGaAs epitaxial layer was completely removed. A
distinct peak aroundEg of GaAs is observed and no other peak or change in
the higher photon energy region is observed.
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The effect on PPT spectrum of the Al0.28Ga0.72As (x
50.22) sample, due to changes in temperature from 297 to
80 K, is shown in Fig. 2. As the temperature of the sample
decreases, the PPT signal due toEg of GaAs and the signal at
point B of the spectrum shift to the higher photon energy
side. In addition, the PPT signal intensities corresponding to
the energy region betweenEg of GaAs and the pointB de-
crease drastically.

Since the AlGaAs epitaxial layer is grown on the SI
GaAs substrate, the contributions of both the epitaxial layer
and the substrate should be considered simultaneously. To
separate the two contributions, the sample was chemically
etched and the PPT spectrum of the etched sample was mea-
sured. The epitaxial layer was removed and a mirror-like
surface was obtained by immersing the sample for 2 min in a
H2SO4 ~5!: H2O2 ~1!: H2O ~1! solution at 40 °C. For com-
parison the PPT spectrum of the etched sample is shown
together with the spectra of AlGaAs samples in Fig. 1~a!. A
distinctive peak aroundEg of GaAs is observed and no other
peak or spectral change in the higher photon energy region is
observed. Since the overall features of the PPT spectrum of
the chemically etched sample are very similar to those of the
LEC grown SI GaAs sample reported earlier,15 the AlGaAs
epitaxial layer of 1.5mm thickness was completely removed.

The effect of the quenching light illumination on the
PPT spectra were also measured. The sample was first cooled
down to 80 K in the dark. The quenching light of 1.12 eV
(4.5 mW/cm2) was illuminated on the sample surface for 30
min while keeping the temperature of the sample 80 K. After
the quenching light was cut off, the PPT spectrum was mea-

sured again. The PPT spectra before and after the quenching
light illumination were then compared. A typical result is
shown in Fig. 3. A considerable decrease in the intensities of
PPT signals after illumination is observed in the whole pho-
ton energy region. The PPT spectrum before the quenching
light illumination was completely reproduced after the
sample was annealed at 150 K for a few minutes and was
subsequently cooled down to 80 K. The above results were
observed for all the samples measured in the present study.

Figure 4 shows the decrease rate of the intensity of the

FIG. 2. Temperature variation of the PPT spectrum of Al0.28Ga0.72As at the
temperature of the sample ranging from 297 to 80 K. As the temperature of
the sample decreases, the PPT signal due toEg of GaAs and the pointB
shift to the higher photon energy side. In addition, the PPT signal intensities
corresponding to the energy region betweenEg of GaAs and pointB de-
crease drastically.

FIG. 3. The effect of the quenching light illumination at 80 K on the PPT
signal. A considerable decrease in the intensities of the PPT signals is ob-
served in the whole photon energy region. The PPT spectrum before the
quenching light illumination was completely reproduced after the sample
was annealed at 150 K for a few minutes and was subsequently cooled down
to 80 K.

FIG. 4. The quenching rateQ as a function ofx. Q of three corresponding
substrate samples obtained by chemical etching are also plotted to compare
with that of AlGaAs samples. The photon energies of the probing light were
selected to be 2.2 and 1.12 eV for the AlGaAs and the substrate samples,
respectively. Thex dependence ofQ of the AlGaAs sample coincides well
with that of EL2 in the SI GaAs substrate.

4387J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Fukuyama et al.



PPT signal due to the quenching light illumination~quench-
ing rateQ! as a function ofx. TheQ is defined as12

Q5100~ I N2I Q!/I N~%!, ~1!

where I N and I Q are the PPT signal intensities at 2.2 eV
before and after the quenching light illumination, respec-
tively. As shown in Fig. 4,Q of the Al0.22Ga0.78As (x
50.22) sample is considerably smaller than those of other
mole fractions. In order to explore the influence of SI GaAs
substrate on the quenching light illumination measurements,
the quenching light illumination measurements were carried
out for chemically etched samples in which the AlGaAs ep-
itaxial layer was completely removed and resulted in only
the LEC grown SI GaAs substrate. TheQs of these three
substrate samples obtained by chemical etching are also
shown in Fig. 4. In this case, the photon energies of bothI N

and I Q were selected to be 1.12 eV because the optical ab-
sorption coefficient at this photon energy is reportedly pro-
portional to the totalEL2 concentration.16 Thex dependence
of Q of the AlGaAs sample well coincides with that ofEL2
in the SI GaAs substrate.

III. DISCUSSION

First of all, we have to discuss extraction of the AlGaAs
signal from the PPT spectra of the AlGaAs/GaAs alloy sys-
tem. Figure 1~a! shows the PPT spectrum of a chemically
etched sample in which the AlGaAs epitaxial layer was com-
pletely removed. A distinct peak aroundEg of GaAs is ob-
served and no other peak or change in the higher photon
energy region is observed. The observed spectrum is exactly
similar to the spectrum of the LEC grown SI GaAs sample
reported earlier.15 Therefore it is reasonably considered that
the PPT signals aboveEg of GaAs including signals at points
A, B, andC in the spectra contain the optical information of
the AlGaAs epitaxial layer.

Saxena17 has reported an Al mole fraction dependence of
the band gaps~G direct,X indirect, andL indirect transition
gaps! at room temperature in the AlxGa12xAs alloy. The
three band gaps~in eV! are given as

Eg~G!51.42011.087x10.438x2, ~2!

Eg~X!51.90510.10x10.16x2, ~3!

and

Eg~L !51.70510.695x, ~4!

respectively. Forx,0.45, the electron transitions through the
band gap of the AlGaAs are direct transitions,17 therefore the
band gaps forx50.22 and 0.28 of AlxGa12xAs at 297 K
calculated from Eq.~2! are 1.68 and 1.76 eV, respectively. It
is found that the observed pointsA ~1.68! andB ~1.76 eV! in
the PPT spectra well coincide withEgs of Al0.22Ga0.78As and
Al0.28Ga0.72As, respectively. The optical absorption length
1/b, whereb is an absorption coefficient at the photon en-
ergy aboveEg of AlGaAs, is estimated to be about 1mm for
b;104 cm21. Since the thickness of the epitaxial layer is 1.5
mm, the probing light is completely absorbed within the
AlGaAs epitaxial layer. Therefore it is considered that elec-

trons are photogenerated within the AlGaAs epitaxial layer
and their nonradiative transitions are detected as pointsA
andB in the PPT spectra.

The phase component of the PPT signal is strongly af-
fected by a local position of the signal generation and its
propagation characteristics.2 If the photon energy of the
probing light is less thanEg of GaAs, the incident light
propagates through the sample and transmits out from the
backside of the sample. Under this situation, the whole
sample acts like a signal source. When the photon energy
becomes larger thanEg of GaAs but less thanEg of AlGaAs,
almost all the probing light is absorbed within the illumi-
nated thin surface region of the GaAs substrate. This results
in a drastic delay of the phase. The delay is due to a shift of
the mean position of the signal source from the whole
sample to the restricted thin surface region. In this photon
energy region the AlGaAs epitaxial layer grown on the sub-
strate acts as a transparent layer because the photon energy is
less thanEg of AlGaAs. In the higher photon energy region
aboveEg of AlGaAs, as discussed above, the probing light is
almost absorbed in the AlGaAs epitaxial layer. Therefore a
shift of the mean position of the signal source occurs and the
PPT signal phase shows an additional delay at pointA or B
corresponding toEg of AlGaAs.

Whenx is larger than 0.45, the band structure of AlGaAs
changes from a direct to an indirect transition gap.17 It is
expected that the PPT signal of Al0.5Ga0.5As also shows a
remarkable change atEg of 1.99 eV@arrows in Figs. 1~a! and
1~b!# as calculated from Eq.~3!. However, the pointC ~2.05
eV! is very close to 2.07 eV calculated for theG direct tran-
sition gap by using Eq.~2!. In this sample, theX indirect
~1.99! andG direct~2.07 eV! transition gaps are very close to
each other. The absorption coefficient of theX indirect tran-
sition gap gradually increases with the photon energy from
1.99 eV. On the other hand, in the case for theG direct
transition gap, the absorption coefficient suddenly increases
from 2.07 eV up to 104 cm21. The signal contribution from
the X indirect transition gap may be smeared out by theG
direct transition gap. These results lead to the conclusion that
the pointsA, B, andC observed in the PPT spectra were due
to theG direct transition gaps of the AlGaAs epitaxial layers.

We have already established that the PPT technique can
detect the AlGaAs epitaxial layer grown on the SI GaAs
substrate. Now we discuss the temperature coefficients of the
G transition gaps of AlGaAs. In most of the semiconductors
the temperature dependence ofEg is known to be linear for
temperatures higher than 150 K.14,18The temperature coeffi-
cients of theG direct transition gap@dEg(G)/dT# of GaAs
~Ref. 19! and AlAs~Ref. 20! had been measured to be23.95
and25.131024 eV/K, respectively. By using the interpola-
tion scheme between values of GaAs and AlAs, the
dEg(G)/dT of Al xGa12xAs alloy was reported as18

dEg~G!/dT523.9521.15x ~1024 eV/K!. ~5!

It is obvious from Eq.~5! that thedEg(G)/dT of AlGaAs is
expected to decrease linearly with increasingx.

Figure 5 shows the temperature dependence of the pho-
ton energy positions of pointsA, B, and C. The relevant
positions of the three points are easily distinguishable in the
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phase spectra of PPT signal. Therefore all the data of Fig. 5
were extracted from the temperature dependent phase spectra
of the PPT signal, such spectra are shown in Fig. 1~b!. In the
PPT amplitude spectra, such as shown in Fig. 1~a!, it was
difficult to locate the exact positions of pointsA, B, andC.
The dEg(G)/dTs of pointsA, B, andC were about24.1,
24.3, and 25.331024 eV/K, respectively. On the other
hand for the same Al mole fractions~x50.22, 0.28, and 0.5!
in Al xGa12xAs samples, the expected values ofdEg(G)/dT
calculated from Eq.~5! are given as24.2, 24.3, and24.5
31024 eV/K, respectively. Although thedEg(G)/dTs of
pointsA, B, andC are slightly different from the expected
values, it is experimentally confirmed that the temperature
coefficient of theG direct transition gap of the AlxGa12xAs
alloy decreases with increasing the Al mole fraction.

Our second objective is to discuss the role of deep donor
level EL2 in the substrate on the PPT signal generation
mechanisms. The SI GaAs substrate sample used for the
present study contained a deep donorEL2 concentration of
about 1.331016cm23. The best way to examine the influ-
ence ofEL2 is to use the photoquenching effect.12,13 In this
phenomenon all the optical and electrical properties ofEL2
are extinguished when the LEC grown SI GaAs sample was
exposed to about 1.1 eV light illumination at low tempera-
tures (T,130 K). This photoquenched state is metastable
because all the extinguished properties ofEL2 can be recov-
ered when the sample is annealed around 150 K for a few
minutes and is subsequently cooled down to 80 K.

As shown in Fig. 3, after the quenching light illumina-
tion at 80 K, considerable decreases in the PPT signal inten-
sities were observed. Moreover, the PPT spectrum before
quenching light illumination was completely reproduced af-
ter the sample was annealed at 150 K for a few minutes and
was subsequently cooled down to 80 K. It is obvious that the
photoquenching and the thermal recovery effects are due to
deep donor levelEL2.12,13 The question now arises: where

doesEL2 exist and how does it contribute to photoquench-
ing and thermal recovery effects? It is reported thatEL2 also
exists in the AlGaAs epitaxial layer and is responsible for the
photoquenching effect,21 one might think thatEL2 in the
AlGaAs epitaxial layer of AlGaAs/GaAs alloy system con-
tributes to these effects. However, this is not the case here.
We support our claim with the following justifications. First,
consider Fig. 4, thex dependence ofQ at 2.2 eV for the
AlGaAs epitaxial layer sample well coincides with that of
EL2 in the SI GaAs substrate. Second, since the thickness of
the substrate is 400 times more than that of the epitaxial
layer, the quenching light illumination should affectEL2 in
the GaAs substrate. Therefore it is justifiable to consider that
the decrease in PPT signals of the AlGaAs samples by the
quenching light illumination is due to the photoquenching of
EL2 in the substrate. It meansEL2 in the SI GaAs substrate
plays an important role in generating the PPT signal in the
AlGaAs/GaAs heterostructure sample.

Before discussing further the role ofEL2 in the SI GaAs
substrate on the PPT signal generation mechanism, it is
worth mentioning an effect caused by the quenching light
illumination. It is known as the persistent photoconductivity
effect that is attributed to theDX center in the AlGaAs epi-
taxial layer.22,23 In this phenomenon, the photoconduction
effect remains for a long time (t; hours) when the sample
was exposed to about 1.1 eV light illumination at low tem-
perature (T,150 K). Increase of carrier lifetime may cause
the decrease of the PPT signals. However, this effect has
been only observed in then-type AlGaAs sample that is
intentionally doped with a donor impurity such as Te or Si.23

In our present study we use the nondoped,p-type AlGaAs.
Accordingly, a considerable decrease of the PPT signals can-
not be explained in terms of theDX center nor can it be
explained in terms of the persistent photoconductivity effect
in the AlGaAs epitaxial layer.

To explain the effect of the photoquenching ofEL2 we
propose a model. According to this model the electrons pho-
toexcited within the AlGaAs epitaxial layer drift towards the
SI GaAs substrate and nonradiatively recombine with the
ionized EL2 (EL21) in the substrate. When the photo-
quenching ofEL2 occurs, drifted electrons cannot recom-
bine with EL21 and result in a drastic decrease of the PPT
signal intensity. Since the model satisfies our experimental
results it is important to discuss it in detail.

A schematic band diagram of the AlGaAs sample is pro-
posed and is shown in Fig. 6. The Fermi level in the SI GaAs
substrate is calculated to be 0.745 eV below the conduction
band. The following parameters are considered for the above
calculation. TheEg of GaAs is taken as 1.42 eV. The con-
centration (@EL2#sub) and the activation energy of deep do-
nor level EL2 are 1.331016cm23 and 0.75 eV below the
conduction band, respectively. For the shallow carbon accep-
tor, the concentration (@C#sub) and the activation energy are
0.431016cm23 and 0.026 eV above the valence band, re-
spectively. The Fermi level is found to be located slightly
above theEL2 level. On the other hand, the Fermi level in
the AlGaAs epitaxial layer is located near the valence band
because of the existence of a residual carbon acceptor
(@C#epi;131015cm23). Using a value of 9.8731018cm23

FIG. 5. The temperature dependence of the photon energy positions of the
pointsA, B, andC. The temperature coefficients of three points were about
24.1, 24.3, and25.331024 eV/K, respectively. The temperature coeffi-
cient of theG direct transition gap of the AlxGa12xAs alloy decreased with
increasing the Al mole fraction.
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for the effective density of states in the valence band of the
Al0.28Ga0.72As at 297 K,18 the Fermi level is calculated to be
about 0.236 eV above the valence band. In this argument we
assume that there is no donor that compensates the carbon
acceptor. Therefore when a heterojunction is fabricated, a
depletion region bearing an electric field and some band off-
sets are created at the interface between the epitaxial layer
and the substrate. In our sample the depletion region width
calculated using Poisson’s equation comes out to be 0.84
mm. The carrier concentrations in thep-type epitaxial layer
and in the SI substrate were@C#epi5131015cm23 and
@EL2#sub–@C#sub50.931016cm23, respectively. Since the
carrier concentration in the substrate is nine times larger than
that in the epitaxial layer, the depletion region is mainly ex-
tended into the epitaxial layer side. Using the band offsets
chart measured by Kroemer,24 band offsets are determined to
be 0.19 and 0.14 eV for the conduction and the valence
bands, respectively. We also took into account the surface
state between the AlGaAs epitaxial layer and vacuum. Since
the lattice constant of Al0.28Ga0.72As is 5.66 Å,18 a free dan-
gling bond density in a~100! plane is estimated to be about
1.2531015cm22, which can be considered as the surface
state density. This is within the region where the Fermi level
at the surface is fixed to a point located at one-third ofEg ,
the so-called Bardeen limit.

When the probing light with the photon energy aboveEg

of AlGaAs is illuminated on the sample, electron–hole pairs
are produced within the epitaxial layer. The electrons and
holes will be separated by the electric field at the interface.
Electrons in the conduction band will drift to the SI GaAs
substrate side, whereas holes in the valence band will drift to
the AlGaAs epitaxial layer side. Drifted electrons in the sub-
strate eventually recombine withEL21 and generate the

PPT signals. If allEL2 become optically and electrically
inactive due to the photoquenching effect at low temperature
(T,130 K), the incoming electrons to the substrate cannot
recombine withEL21. This results in a drastic decrease of
the PPT signal as is evident in Fig. 3. The proposed model
well satisfies the obtained experimental results.

When the electron–hole pairs are generated due to the
probing light, as we discussed above, the electrons and holes
may also be separated by the sample surface electric field. In
this case, electrons will drift to the surface side and will
recombine with the surface state. If the PPT signal is gener-
ated by this mechanism, the PPT spectrum should not be
influenced by the photoquenching effect ofEL2. Accord-
ingly, it seems reasonable to suppose that the PPT signals
generated after the complete photoquenching ofEL2 are due
to the electron nonradiative transitions through the surface
states.

It is necessary to comment here on the origin of the PPT
signals in the region betweenEgs of GaAs and AlGaAs. The
PPT signals in this region also decrease by the quenching
light illumination, as shown in Fig. 3. TheEL2 in the SI
GaAs substrate should play an important role in the PPT
signal generation mechanism as happened in the case of the
region aboveEg of AlGaAs. However, the decrease of the
signal in this region is relatively small. We hereafter refer to
this photon energy region as theD region. Consider first that
theD region may be due to a residual carbon acceptor in the
AlGaAs epitaxial layer. The photoexcited electrons from ion-
ized carbon acceptors are assumed to drift to the substrate
side and eventually recombine withEL21.

It must be noted that theD region drastically decreases
with decreasing the temperature of the sample, as shown in
Fig. 2. This leads to a conclusion that the decrease of the
PPT signal intensity may be due to a reduction of the ionized
carbon acceptor concentration. In other words, the decrease
in the D region may be caused by the neutralization of the
ionized carbon acceptor due to a movement of the Fermi
level towards the carbon acceptor level that is attributed to a
decrease of the sample temperature. However, an amount of
the neutralization due to the decrease of the temperature
from 297 to 80 K is estimated to be less than 2% of the
carbon concentration. This contribution is too small to justify
the present experimental results. Moreover, if the single ac-
ceptor level such as carbon acceptor generates theD region,
the PPT spectrum should show a distinct peak around 0.026
eV belowEg of AlGaAs. But this is not the case, as is evi-
dent from Figs. 1~a! and 2. No other peak or change is ob-
served in theD region. Therefore it is unlikely that theD
region is due to the residual carbon acceptors in the AlGaAs
epitaxial layer.

The other possible candidate for the signal generation
mechanism of theD region is a nonradiative transition
through the interface states between the epitaxial layer and
the substrate. Since several levels with different activation
energies are expected to exist in the interface, the PPT spec-
trum may show a broadband such as theD region. However,
in the lattice matched heterostructure of AlGaAs and GaAs,
the concentration of the interface states are expected to be at
most in the order of 1012cm22. These are too few to explain

FIG. 6. Schematic band diagram near the epitaxial layer and the substrate
interface. The Fermi levels in the SI GaAs substrate and the nondoped
p-type AlGaAs epitaxial layer are calculated to be 0.745 eV below the
conduction band and 0.236 eV above the valence band, respectively. A
depletion region bearing an electric field and some band offsets are created
at the interface between the epitaxial layer and the substrate.
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the signal intensity of theD region. A detailed explanation is
not yet conclusive.

IV. CONCLUSION

The PPT measurements of AlGaAs epitaxial layers
grown on the SI GaAs substrate were carried out in the tem-
perature range of 297 to 80 K. In addition to the band gap
signal of the GaAs substrate, theG direct transition gaps of
the AlxGa12xAs ~x50.22, 0.28, and 0.5! were clearly ob-
served in the higher photon energy region. The temperature
coefficients of these direct transition gaps were estimated to
be about24.1, 24.3, and25.331024 eV/K, respectively.
It was experimentally confirmed that the temperature coeffi-
cient of theG direct transition gap of the AlxGa12xAs alloy
decreased with increasing Al mole fractionx. By conducting
the quenching light illumination measurements at 80 K we
concluded that the electrons photoexcited within the AlGaAs
epitaxial layer drifted under the influence of an electric field
present at the interface. These drifted electrons eventually
recombined with the ionizedEL2 centers in the SI GaAs
substrate. In spite of its low density of about 1012cm22,
significant PPT signals were observed so that the interface
states were considered as a source. The usefulness of the PPT
technique for investigating the semiconductor heterostructure
samples was successfully demonstrated.
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