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(x=0.22, 0.28, and 0.5) grown on semi-insulating GaAs substrate
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Piezoelectric photothermal measurements of g@&al_,As (x=0.22, 0.28, and 0)=pitaxial 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 &a _,As 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 cesses. Whereas in the casd&af2, the nonradiative electron
transitions are dominant over radiative transitions.
The photoacousti¢PA) spectroscopy has recently been
used for investigating physical properties of semi-
conductor€. The main advantage of the PA technique is that

An Al,Ga, _,As epitaxial layer grown on GaAs is an
important alloy system for high performance heterojunction
devices such as the field effect transist6ET), the high
electron mobility transistofHEMT), and the heterobipolar ™ X X o .
transistor(HBT). In these alloy systems, liquid encapsulated!t is a Q|rect monitor of lthe_ nonradiative electron transitions
Czochralski(LEC) grown semi-insulatingSl) GaAs crystal in s_emlconductor_s. Rerlodlc heat row_ generat_ed by the non-
is used as a substrate. It is commonly understood that the &tdiative recombinations of photoexcited carriers causes an
property of GaAs crysta(107 Q cm resistivity is accom- a_coustlc wave in the surrounding gas and |_nduces_ an expan-
plished due to presence of a deep donor legeR. Each ~ Sion or a bending of the sample. By employing a microphone
EL2 donor compensates a shallow carbon acceptor. In add®" @ transducer these waves are detected as a PA signal. It has
tion to its technological importanc&L2 acts as a trap cen- been reported that the PA technique was applied to investi-
ter and influences the device performahck.number of gate the energy band structures of some heterolayered
studies have been conducted on the rolEb in the carrier ~ Semiconductors-® Unfortunately low temperature measure-
transport properties of an AlGaAs/GaAs alloy system. Butments in the PA technique are extremely difficult. Hence in a
among all the proposed models not a single one comprehefPA technique the accuracy of the low temperature measure-
sively justifies all the observed features of the AlGaAs/GaAsments for investigating deep levels suchEs2 is question-
alloy system. able. Furthermore, electron transitions through a low density

One of the reasons for nonavailability of a comprehen-of electronic states such as defect levels cannot be detected
sive model is the lack of a suitable characterization methoddue to the low sensitivity of the PA measurements.

The optical absorption measurement is the most common To cater the deficiencies of the PA technique, we have
way of detecting dislocation or defect related levels in semideveloped a new technique; the piezoelectric photothermal
conductors. However, because of the low Sensitivity of Optl-(PPT) spectroscopy, emp|0ying a disk-shaped lead zircotitan-
cal absorption measurement and low concentratiolo2  ate ceramics piezoelectric transdu¢RET) as a detectdtin
(~10°cm™), a few millimeters thick sample should be this method we can easily decrease the temperature of the
prepared to detedL 2. sample down to liquid helium temperature. Unlike the PA

The photoluminescenc®l) technique, due to its high technique, which utilizes a microphdite or a znO
sensitivity and high spatial resolution features, is a powerf“{ransducef’,‘s the sensitivity of this new technique becomes
tool to investigate shallow donor and acceptor levels at IOV\(,ery high at low temperature. Although some authors already
temperature T~4.2K). But the drawback of the PL tech- on5teq PA signal detection based on piezoelectric
nique is that it detects only the radiative recombination pro'phenomenoﬁ?*”the technique of low temperature measure-

ments was not established. We have already reported that by

2Electronic mail: fukuyama@ssp.phys.miyazaki-u.ac.jp using the PPT technique on a SI GaAs sample, the nonradi-
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The aim of this article is twofold. One is to report our
extensive studies on the PPT spectra of a heterostructure (a)
sample, the AlGaAs epitaxial layer grown on the SI GaAs
substrate, in the temperature range of 297 to 80 K. In this Eg of GaAs

respect we show that in addition to the band gap signal of | light

GaAs, the direct transition gaps of the AlGaAs were clearly

observed in the higher photon energy region. The second .AIGL substrate
epi- aAs

objective is to investigate the carrier transport properties of
the AlGaAs/GaAs alloy system. In other words, the role of

deep donoEL2 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 ioniz&d.2 centers in

the S| GaAs substrate. —
etched

I 2 I N Il 1 1

x=0.22

PPT Signal Intensity (arb. units)

Il. EXPERIMENTAL PROCEDURES AND RESULTS 1.2 1.6 2 24 28
Photon Energy (eV)

The samples were prepared from the AlGaAs epitaxial
layers grown on a Sl GaAs substrate. The nondoped (b)
Al,Ga _,As epitaxial layers(1.5 um thickness, Al mole 90F
fractionx=0.22, 0.28, and 0)5vere grown by the metalor-
ganic vapor phase epitaxMOVPE) method. Due to the
presence of residual carbon acceptord C](y~1
X 10"°cm™®), nondoped AlGaAs shows p-type conduc-
tion. The substrate was the carbon-doped, LEC grown Sl
GaAs (600 um thickness The concentrations of deep donor
EL2 and shallow carbon acceptor in the substrate were 1.3
and 0.4<10%cm™3, respectively.

The experimental configuration involving the sample

and the detector is shown in the inset of Figa)1After the
samples were cut to the surface dimensions of about 1
X 1 cn?, 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- -180 B PR .
perature from 297 to 80 K. The probing light to measure the 1.2 1.6 2 24 2.8
PPT signal was mechanically chopped at a frequency of 100 Photon Energy (eV)
Hz and_ was always fOC.USEd on the surface of the epi'Fax.ialilG. 1. The PPTa) amplitude andb) the phase spectra of the 8a _,As
layer side. The PPT signal generated by the nonr?dlatlv =0.22, 0.28, and 0)mat 297 K. The experimental configuration in\;olving
electron transitions was detected by the PZT. A detailed eXihe sample and the detector is shown in the inseefin addition to the
perimental setup has already been repo?ted, band gap signal of the GaAs substrate, several remarkable changes at 1.68

The PPT spectra in the temperature range of 297—80 KA), 1.76 (B), and 2.05 eM(C points are observed in the higher photon

. ._energy region(a) also shows the PPT spectrum of a chemically etched
Were meajsured as a function of photon energy 9f the prObIngample in which the AlGaAs epitaxial layer was completely removed. A
light ranging from 1.1 to 2.8 eV. It was ascertained that thegistinct peak aroun&, of GaAs is observed and no other peak or change in
light intensity of the probing light was sufficiently weak the higher photon energy region is observed.
(0.17mW/cnd) to avoid any photoinduced change in the
spectrat>!®a phenomenon to be discussed in the following
section.

Figure Xa) shows the PPT spectra of 8a _,As (X mentioned remarkable changes are found shifting to the
=0.22, 0.28, and 0)5at 297 K. In the lower photon energy higher photon energy side with increasing The phase-
region around 1.4 eV, the PPT spectra of all the AlGaAscomponent spectra of above PPT measurements at 297 K are
samples show a rapid increase. Since the band gap energiso shown in Fig. (b). The PPT phase drastically delay
(Ey) of GaAs is 1.42 eV at 297 k! the rapid increase is aboutEg of GaAs. As in the case of amplitude-component
considered to be due to band-to-band electron transitions ispectra shown in Fig. (&), remarkable changes in phase
the GaAs substrate. In the higher photon energy region abow&pectra are also observed. Those phase spectral changes
E4 of GaAs, several remarkable changes at 1.88, (1.76  match the photon energy positions of signals observed in
(B), and 2.05 eV(C pointg are observed. The above- amplitude spectra.

T=297K
Eg of GaAs

=}

©
S

PPT Signal Phase (deg.)

L i ]
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T=80K
AlGaAs/GaAs: x=0.28 g AlGaAs/GaAs (x=0.28)

T=297K

B
|
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after illumination

PPT Signal Intensity (arb. units)

PPT Signal Intensity (arb. units)

J\) 200K
N | 150K
100K 12 16 2 24 28 32
| Photon Energy (eV)
80K
x 0.5 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
guenching 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.
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FIG. 2. Temperature variation of the PPT spectrum qf ABa, ;/As at the

temperature of the sample ranging from 297 to 80 K. As the temperature of

the sample decreases, the PPT signal duEgtof GaAs and the poinB

shift to the higher photon energy side. In addition, the PPT signal intensitiesyred again. The PPT spectra before and after the quenching

corresponding to the energy region betwdgjiof GaAs and poinB de- |ight jllumination were then compared. A typical result is

crease drastically. . . . . . "
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

The effect on PPT spectrum of the AlGa7AS (X Jight illumination was completely reproduced after the

=0.22) sample, due to changes in temperature from 297 tgample was annealed at 150 K for a few minutes and was

80 K, is shown in Fig. 2. As the temperature of the samplesubsequently cooled down to 80 K. The above results were

decreases, the PPT signal dudtpof GaAs and the signal at opserved for all the samples measured in the present study.

point B of the spectrum shift to the higher photon energy  Figure 4 shows the decrease rate of the intensity of the
side. In addition, the PPT signal intensities corresponding to

the energy region betweds, of GaAs and the poinB de-
crease drastically.

Since the AlGaAs epitaxial layer is grown on the SlI
GaAs substrate, the contributions of both the epitaxial layer
and the substrate should be considered simultaneously. To 80k
separate the two contributions, the sample was chemically
etched and the PPT spectrum of the etched sample was mea-

100

sured. The epitaxial layer was removed and a mirror-like 60
surface was obtained by immersing the sample for 2 minin a
H,SO, (5): H,O, (1): H,O (1) solution at 40°C. For com- wl 4

parison the PPT spectrum of the etched sample is shown
together with the spectra of AlIGaAs samples in Figp) 1A
distinctive peak aroun&, of GaAs is observed and no other 20
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 ol L L L 1 1 L
LEC grown S| GaAs sample reported earfigthe AlGaAs 02 02 (;j M&?Fra%fionofs 05 033
epitaxial layer of 1.5um thickness was completely removed.

The effect of the quenching light illumination on the
PPT spectra were also measured. The sample was first coolets. 4. The quenching rat® as a function ok. Q of three corresponding
down to 80 K in the dark. The quenching light of 1.12 eV substrate samples obtained by chemical etching are also plotted to compare

. . with that of AIGaAs samples. The photon energies of the probing light were
(4'5 mW/Cn?r) was illuminated on the sample surface for 30 selected to be 2.2 and 1.12 eV for the AlGaAs and the substrate samples,

min while keeping the temperature of the sample 80 K. Aft€liespectively. Thex dependence o of the AlGaAs sample coincides well
the quenching light was cut off, the PPT spectrum was meawith that of EL2 in the SI GaAs substrate.

——o—— AlGaAs samples
— &— - substrate samples

Quenching rate Q (%)
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PPT signal due to the quenching light illuminatiGquench-  trons are photogenerated within the AlGaAs epitaxial layer
ing rateQ) as a function ok. The Q is defined a¥ and their nonradiative transitions are detected as pdnts
_ andB in the PPT spectra.

Q=101 ~ 1)/ In(%), @ The phase component of the PPT signal is strongly af-
where Iy and I are the PPT signal intensities at 2.2 eV fected by a local position of the signal generation and its
before and after the quenching light illumination, respec-propagation characteristiéslf the photon energy of the
tively. As shown in Fig. 4,Q of the Aly,GaeAs (X  probing light is less tharE, of GaAs, the incident light
=0.22) sample is considerably smaller than those of othepropagates through the sample and transmits out from the
mole fractions. In order to explore the influence of SI GaAsbackside of the sample. Under this situation, the whole
substrate on the quenching light illumination measurementample acts like a signal source. When the photon energy
the quenching light illumination measurements were carriethecomes larger thal, of GaAs but less thakg of AlGaAs,
out for chemically etched samples in which the AlGaAs ep-almost all the probing light is absorbed within the illumi-
itaxial layer was completely removed and resulted in onlynated thin surface region of the GaAs substrate. This results
the LEC grown SI GaAs substrate. Tligs of these three in a drastic delay of the phase. The delay is due to a shift of
substrate samples obtained by chemical etching are alshe mean position of the signal source from the whole
shown in Fig. 4. In this case, the photon energies of bgth sample to the restricted thin surface region. In this photon
andlq were selected to be 1.12 eV because the optical akenergy region the AlGaAs epitaxial layer grown on the sub-
sorption coefficient at this photon energy is reportedly pro-strate acts as a transparent layer because the photon energy is
portional to the totaEL2 concentratiort® Thex dependence less tharg, of AlGaAs. In the higher photon energy region
of Q of the AlGaAs sample well coincides with thatBL2  aboveE, of AIGaAs, as discussed above, the probing light is
in the SI GaAs substrate. 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 p&iot B
I1l. DISCUSSION corresponding td, of AlGaAs.
Whenx is larger than 0.45, the band structure of AIGaAs

First of all, we have to discuss extraction of the AlGaAs changes from a direct to an indirect transition Jajt is
signal from the PPT spectra of the AlGaAs/GaAs alloy sys-expected that the PPT signal of AGa, sAs also shows a
tem. Figure 1a) shows the PPT spectrum of a chemically remarkable change &, of 1.99 eV[arrows in Figs. {a) and
etched sample in which the AlGaAs epitaxial layer was com-1(b)] as calculated from Eq3). However, the poinC (2.05
pletely removed. A distinct peak arourkg), of GaAs is ob-  eV) is very close to 2.07 eV calculated for tRedirect tran-
served and no other peak or change in the higher photosition gap by using Eq(2). In this sample, theX indirect
energy region is observed. The observed spectrum is exact(y.99 andI direct(2.07 e\ transition gaps are very close to
similar to the spectrum of the LEC grown S| GaAs sampleeach other. The absorption coefficient of théndirect tran-
reported earliet? Therefore it is reasonably considered thatsition gap gradually increases with the photon energy from
the PPT signals aboe, of GaAs including signals at points 1.99 eV. On the other hand, in the case for fhalirect
A, B, andC in the spectra contain the optical information of transition gap, the absorption coefficient suddenly increases
the AlGaAs epitaxial layer. from 2.07 eV up to 1Hecm L. The signal contribution from

Saxend’ has reported an Al mole fraction dependence ofthe X indirect transition gap may be smeared out by khe
the band gap$l” direct, X indirect, andL indirect transition  direct transition gap. These results lead to the conclusion that
gaps at room temperature in the &ba _,As alloy. The the pointsA, B, andC observed in the PPT spectra were due

three band gapén eV) are given as to thel  direct transition gaps of the AlGaAs epitaxial layers.
E4(T')=1.420+ 1.08%+0.438¢, ) We have already e§taplished that the PPT technique can
detect the AlGaAs epitaxial layer grown on the SI GaAs
Ey(X)=1.905+0.1x+ 0.16¢%, (3 substrate. Now we discuss the temperature coefficients of the
and I' transition gaps of AIGaAs. In most of the semiconductors

the temperature dependenceky is known to be linear for
Eg4(L)=1.705+0.69%, (4 temperatures higher than 150! The temperature coeffi-

respectively. For<0.45, the electron transitions through the Cients of thel’ direct transition gagdEy(I')/dT] of GaAs
band gap of the AlGaAs are direct transitidAgherefore the (Ref. 19 and élﬁs(Ref. 20 had been measured to be3.95
band gaps fox=0.22 and 0.28 of AlGa_,As at 297 K e}nd—5.1x 10" *eV/K, respectively. By using the interpola-
calculated from Eq(2) are 1.68 and 1.76 eV, respectively. It 0N scheme between values of GaAs and AlAs, the
is found that the observed points(1.68 andB (1.76 e\j in ~ dEg(1)/dT of Al,Ga _,As alloy was reported a8

the PPT spectra well cpincide withys gf AlolzzGaO_wAs and dE,(T")/dT=—3.95- 1.15 (107 eVIK). (5)

Al .4Gay 75AS, respectively. The optical absorption length

1/B, where 8 is an absorption coefficient at the photon en-It is obvious from Eq(5) that thedE4(I")/dT of AlGaAs is
ergy aboveE of AlGaAs, is estimated to be aboutudn for  expected to decrease linearly with increasing

B~10*cm™L. Since the thickness of the epitaxial layer is 1.5 Figure 5 shows the temperature dependence of the pho-
um, the probing light is completely absorbed within the ton energy positions of pointd, B, and C. The relevant
AlGaAs epitaxial layer. Therefore it is considered that elec-positions of the three points are easily distinguishable in the
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2.3 doesEL2 exist and how does it contribute to photoquench-
i ing and thermal recovery effects? It is reported thaP also
22r C: -5.3x10" eVIK exists in the AlGaAs epitaxial layer and is responsible for the
o _ photoquenching effeét one might think thatEL2 in the
> AlGaAs epitaxial layer of AlGaAs/GaAs alloy system con-
Ea 20k tributes to these effects. However, this is not the case here.
5 A We support our claim with the following justifications. First,
=REd S B -4.3x10" eV/K consider Fl_g. 4 thex dependence o€ f';lt 2.2 eV_ for the
g - AlGaAs epitaxial layer sample well coincides with that of
£ 18 H\E\‘E\E\aﬁ EL2 in the SI GaAs substrate. Second, since the thickness of
A % the substrate is 400 times more than that of the epitaxial
L7r layer, the quenching light illumination should affdet.2 in
Ll A AIx10%eVK the GaAs substrate. Therefore it is justifiable to consider that
1 L 1 L the decrease in PPT signals of the AlGaAs samples by the
150 200 250 300 quenching light illumination is due to the photoquenching of
Temperature (K) EL2 in the substrate. It meaf&.2 in the S| GaAs substrate

plays an important role in generating the PPT signal in the
FIG. 5. The temperature dependence of the photon energy positions of th&| GaAs/GaAs heterostructure sample.
pointsA, B, andC. The terlperature coefflc'lents of three points were abput Before discussing further the role BL2 in the SI GaAs
—4.1, —4.3, and—5.3xX 10 * eV/K, respectively. The temperature coeffi- b he PPT si | . hani Lo
cient of thel” direct transition gap of the AGa, _,As alloy decreased with substrate o_n t e signal generation mec an'_sm' _'t IS
increasing the Al mole fraction. worth mentioning an effect caused by the quenching light
illumination. It is known as the persistent photoconductivity
effect that is attributed to thB X center in the AIGaAs epi-

phase spectra of PPT signal. Therefore all the data of Fig. Bxial layer”®* In this phenomenon, the photoconduction
were extracted from the temperature dependent phase specg#ect remains for a long timer¢- hours) when the sample
of the PPT signal, such spectra are shown in Fig).1n the ~ was exposed to about 1.1 eV light illumination at low tem-
PPT amplitude spectra, such as shown in Fi@),lit was perature T<150K). Increase of carrier lifetime may cause
difficult to locate the exact positions of poirds B, andC. the decrease of the PPT signals. However, this effect has
The dEy(I")/dTs of pointsA, B, andC were about—4.1, been only observed in the-type AlGaAs sample that is
—4.3, and —5.3x10 *eV/K, respectively. On the other intentionally doped with a donor impurity such as Te ofSi.
hand for the same Al mole fractioris=0.22, 0.28, and 0)5 In our present study we use the nondopedype AlGaAs.
in Al,Ga,_,As samples, the expected valuesdd,(I')/dT  Accordingly, a considerable decrease of the PPT signals can-
calculated from Eq(5) are given as-4.2, —4.3, and—4.5  not be explained in terms of thBX center nor can it be
x 10" *eV/K, respectively. Although thed E4(I')/dTs of  explained in terms of the persistent photoconductivity effect
pointsA, B, andC are slightly different from the expected in the AlGaAs epitaxial layer.
values, it is experimentally confirmed that the temperature  To explain the effect of the photoquenching®E2 we
coefficient of thel” direct transition gap of the 4Ga, _,As  propose a model. According to this model the electrons pho-
alloy decreases with increasing the Al mole fraction. toexcited within the AlGaAs epitaxial layer drift towards the

Our second objective is to discuss the role of deep donoBl GaAs substrate and nonradiatively recombine with the
level EL2 in the substrate on the PPT signal generatiorionized EL2 (EL2") in the substrate. When the photo-
mechanisms. The SI GaAs substrate sample used for thguenching ofEL2 occurs, drifted electrons cannot recom-
present study contained a deep doRar2 concentration of bine with EL2" and result in a drastic decrease of the PPT
about 1.3 10%cm 3. The best way to examine the influ- signal intensity. Since the model satisfies our experimental
ence ofEL2 is to use the photoquenching effé&t®In this  results it is important to discuss it in detail.
phenomenon all the optical and electrical propertie bp A schematic band diagram of the AIGaAs sample is pro-
are extinguished when the LEC grown S| GaAs sample waposed and is shown in Fig. 6. The Fermi level in the SI GaAs
exposed to about 1.1 eV light illumination at low tempera-substrate is calculated to be 0.745 eV below the conduction
tures (T<130K). This photoquenched state is metastablédand. The following parameters are considered for the above
because all the extinguished propertie&d2 can be recov- calculation. TheEy of GaAs is taken as 1.42 eV. The con-
ered when the sample is annealed around 150 K for a fewentration [EL2],,) and the activation energy of deep do-
minutes and is subsequently cooled down to 80 K. nor level EL2 are 1.%10%cm 2 and 0.75 eV below the

As shown in Fig. 3, after the quenching light illumina- conduction band, respectively. For the shallow carbon accep-
tion at 80 K, considerable decreases in the PPT signal interier, the concentration[ C]s,) and the activation energy are
sities were observed. Moreover, the PPT spectrum befor@.4x 10'cm 2 and 0.026 eV above the valence band, re-
guenching light illumination was completely reproduced af-spectively. The Fermi level is found to be located slightly
ter the sample was annealed at 150 K for a few minutes andbove theEL2 level. On the other hand, the Fermi level in
was subsequently cooled down to 80 K. It is obvious that thehe AlGaAs epitaxial layer is located near the valence band
photoquenching and the thermal recovery effects are due teecause of the existence of a residual carbon acceptor
deep donor leveEL2.'*** The question now arises: where ([Clep~1x10*cm ). Using a value of 9.8%10¥cm™2
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PPT signals. If allEL2 become optically and electrically

substrate —+— e‘f;tj;ia' — e vacuum inactive due to the photoquenching effect at low temperature

(T<130K), the incoming electrons to the substrate cannot
recombine withEL2". 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

light 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 BL.2. Accord-
ingly, it seems reasonable to suppose that the PPT signals
generated after the complete photoquenchinglo2 are due
to the electron nonradiative transitions through the surface

states.
interface surface It is necessary to comment here on the origin of the PPT
states states signals in the region betwedfys of GaAs and AlGaAs. The

FIG. 6. Schematic band diagram near the epitaxial layer and the substra@PT _S|gnf_:1Is '_n this region QISO Qecrease by t_he quenching
interface. The Fermi levels in the S| GaAs substrate and the nondopelight illumination, as shown in Fig. 3. Th&L2 in the SI
p-type AlGaAs epitaxial layer are calculated to be 0.745 eV below theGaAs substrate should play an important role in the PPT
conduction band and 0.236 eV above the valence band, respectively. é(jgnal generation mechanism as happened in the case of the
depletion region bearing an electric field and some band offsets are created™ .
at the interface between the epitaxial layer and the substrate. 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 tBeregion. Consider first that
for the effective density of states in the valence band of théhe D region may be due to a residual carbon acceptor in the
Al ,dGa 7-As at 297 K& the Fermi level is calculated to be AlGaAs epitaxial layer. The photoexcited electrons from ion-
about 0.236 eV above the valence band. In this argument wiged carbon acceptors are assumed to drift to the substrate
assume that there is no donor that compensates the carbsigle and eventually recombine wiliL2™".
acceptor. Therefore when a heterojunction is fabricated, a It must be noted that thB region drastically decreases
depletion region bearing an electric field and some band offwith decreasing the temperature of the sample, as shown in
sets are created at the interface between the epitaxial lay&ig. 2. This leads to a conclusion that the decrease of the
and the substrate. In our sample the depletion region widtRPPT signal intensity may be due to a reduction of the ionized
calculated using Poisson’s equation comes out to be 0.8darbon acceptor concentration. In other words, the decrease
um. The carrier concentrations in tipetype epitaxial layer in the D region may be caused by the neutralization of the
and in the SI substrate wergClep=1X% 10*®cm 2 and  ionized carbon acceptor due to a movement of the Fermi
[EL2]su—[ Cleu="0.9x10cm ™3, respectively. Since the level towards the carbon acceptor level that is attributed to a
carrier concentration in the substrate is nine times larger thadecrease of the sample temperature. However, an amount of
that in the epitaxial layer, the depletion region is mainly ex-the neutralization due to the decrease of the temperature
tended into the epitaxial layer side. Using the band offsetérom 297 to 80 K is estimated to be less than 2% of the
chart measured by Kroem&rband offsets are determined to carbon concentration. This contribution is too small to justify
be 0.19 and 0.14 eV for the conduction and the valence¢he present experimental results. Moreover, if the single ac-
bands, respectively. We also took into account the surfaceeptor level such as carbon acceptor generateB thegion,
state between the AlGaAs epitaxial layer and vacuum. Sincthe PPT spectrum should show a distinct peak around 0.026
the lattice constant of ALdGa, 7As is 5.66 A a free dan- eV below E4 of AlGaAs. But this is not the case, as is evi-
gling bond density in 4100 plane is estimated to be about dent from Figs. (a) and 2. No other peak or change is ob-
1.25x 10'°cm™2, which can be considered as the surfaceserved in theD region. Therefore it is unlikely that thB
state density. This is within the region where the Fermi levelegion is due to the residual carbon acceptors in the AlGaAs
at the surface is fixed to a point located at one-thirdegf epitaxial layer.
the so-called Bardeen limit. The other possible candidate for the signal generation
When the probing light with the photon energy ab&g  mechanism of theD region is a nonradiative transition
of AlGaAs is illuminated on the sample, electron—hole pairsthrough the interface states between the epitaxial layer and
are produced within the epitaxial layer. The electrons andhe substrate. Since several levels with different activation
holes will be separated by the electric field at the interfaceenergies are expected to exist in the interface, the PPT spec-
Electrons in the conduction band will drift to the SI GaAs trum may show a broadband such as Eheegion. However,
substrate side, whereas holes in the valence band will drift tin the lattice matched heterostructure of AlGaAs and GaAs,
the AlGaAs epitaxial layer side. Drifted electrons in the sub-the concentration of the interface states are expected to be at
strate eventually recombine witBEL2" and generate the most in the order of cm 2. These are too few to explain
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