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We have studied the photoreflectance (PR) spectra from a MBE grown heterostructure
consisting of 200 n m of Gao.s3A10.~7As, a 800 nm GaAs buffer layer on a semi-insulating
(100) LEC GaAs substrate. By varying both the pump beam wavelength and modulation
frequency (up to 100 kHz) we are able to identify the component layers, their quality
and the properties of the various interfaces. In this study we find evidence for a low
density of interface states between the GaAs buffer layer and GaA1As layer and a relatively large density of interface states between the substrate and buffer regions. These
states, previously observed by Deep Level Transient Spectroscopy of doped structures,
are presumably associated with the interface produced by MBE growth on etched and
air exposed substrates. However, in our material, since the substrate is semi-insulating
and the buffer layer is undoped, it is difficult to resolve these states spatially by C-V
techniques. Our results show that the PR technique can be used to characterize low
conductivity or semi-insulating structures such as enhancement mode MESFET and
HEMT type devices and it may be useful for the in-situ characterization of epigrown
surfaces and interfaces
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I.

INTRODUCTION

Photoreflectance (PR), 1 a contactless form of electromodulation, is a powerful tool to study the interface electric field distribution in semiconductor
structures. 2-7 In PR the electric field in the material is modulated by the photo-injection of electronhole pairs by a pump beam chopped at frequency
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~m" It has been demonstrated that PR is indeed a
form of electroreflectance yielding sharp, derivative-like spectra in the region of interband transitions in bulk or thin film semiconductors. 1-8 Since
PR is the ac response of the system to the modulating electric field there is also important information in the other modulation parameters such as
modulation frequency (~'~rn),4-7 pump beam wavelength ()tp), 7'9 p u m p beam intensity (Ip)1~ etc.
We have studied the PR spectra (AR/R) at 300 K
from a MBE grown Gao.s3Alo.17As/GaAs/GaAs (epilayer/buffer/substrate) heterostructure as a func283
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tion of Ap (820 nm-420 nm) and g~m (20 Hz-100 kHz).
The sharp spectral features have allowed us to observe the direct band gaps of the various components of the structure. These are designated as
Eo(A)~o(B) and Eo(C) for the GaA1As epilayer (region A), GaAs buffer (region B) and GaAs substrate
(region C), respectively. For 420 n m pump radiation, which does not penetrate into either region B
or C, we observe Eo(A) and Eo(B) but not Eo(C). All
three peaks are seen for Ap = 620 nm, which coro
responds to an energy larger t h a n Eo(A) and penetrates into region B but not into C. For Ap = 820
u m the pump photon energy, (1.51 eV) is well below
Eo(A) so that photoexcited electron-hole pairs are
created in both the GaAs buffer and substrate regions. In this case the spectrum exhibits primarily
Eo(C) with a small contribution from Eo(B). In addition Eo(A) and Eo(C) have different variations with
gSm;the dependence of Eo(B) is related mainly to the
modulation mechanism of region A with some contribution from region C. We interpret these results
as evidence for a low density of interface states between the GaAs buffer layer and the GaA1As epilayer and relatively large density of states between
the substrate and buffer.
II.

EXPERIMENTAL

PROCEDURE

The heterostructure used in this study consisted
of a 200 n m Gao.ssAlo.17As epilayer grown on a 800
u m GaAs buffer on a semi-insulating (SI) (100) LEC
GaAs substrate. All measurements were made at 300
K. The PR apparatus has been described in the lite r a t u r e J 1 However, in contrast to most previous PR
experiments the source for ~tp was a Xenon arc filtered by a 1/4 meter monochromator7'9 as well as a
He-Ne laser. The intensity of the pump beam was
about 2 roW. In all cases the observed lineshapes
were independent of Ip indicating modulation in the
low-field regime. A two-phase lock-in amplifier was
used to record the in-phase and out-phase components of the PR signal relative to the phase of the
pump beam. Measurements using the 633 n m line
of the He-Ne laser were made up to 100 kHz using
an acousto-optic modulation instead of a mechanical chopper (limit about 4000 Hz). 7 The experimentally measured variation of AR/R wiht ~m was norrealized to the frequency dependence of the detector/
amplifier/lock-in system to eliminate RC effects.
III.

RESULTS AND DISCUSSION

Shown by the dotted line in Fig. 1 is the PR spect r u m with Ap = 420 n m and ~m = 200 Hz. The penetration depth do for the GaA1As is 30 n m for this
wavelength./2 Hence, photoexcited carriers are created only in region A and not B or C. The configuration of the A, B and C regions of the sample as
well as the region of absorption of Ap (dashed vertical lines) are shown schematically in the lower
portion of the figure. The solid line is a least-squares
fit to the first-derivative of a Gaussian lineshape
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Fig. l - - Photoreflectance signal vs photon energy for a OaA1As/
G a A s / G a A s structure (see text) for a pump beam wavelength of
420 nm.

f u n c t i o n . 13 Such

a functional form is appropriate for
bound states, such as excitons, at room temperat u r e . TM

The spectrum of Fig. 1 exhibits structure in the
vicinities of the direct band gaps of GaAIAs and
GaAs, which we denote as Eo(A) and Eo(B). The
energies and broadening parameters are 1.662 eV,
8 meV and 1.420 eV, 4 meV, respectively. These
values are comparable to those observed in other
electromodulation experiments, is'is The position of
Eo(A) enables us to determine the A1 composition. 12,17
Since do (GaAlAs) = 30 nm for this pump wavelength photo-excited carriers are created only in region A and not B or C. We can detect no substantial
evidence for a signal originating in GaAs substrate
(region C).
Displayed by the dotted line in Fig. 2 is the experimental PR spectrum for Ap = 620 nm and D m =
200 Hz. In this case do (GaA1As) = 420 uml2 and do
(GaAs) = 240 n m J s Thus, electron-hole pairs are
created in regions A and B but not C as shown schematically by the dashed vertical lines. The solid line
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Fig. 2 - - Photoreflectance signal vs photon energy for a G a A I A s /
G a A s / G a A s structure (see text) for a pump b e a m wavelength of
620 nm.
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is a least-square fit to the first-derivative of a
Gaussian profile. In addition to Eo(A) and Eo(B), the
lineshape fit indicates one more oscillator, Eo(C) at
an energy of 1.413 eV with a linewidth of 11 meV.
The features Eo(C) and Eo(B) originate in the GaAs
substrate and buffer, respectively. The narrower
linewidth for the Eo(B) is probably due to the better
quality of MBE grown material in relation to bulk
GaAs.
The experimental data for Ap = 820 nm and ~
= 200 Hz is shown by the dotted line in Fig. 3. For
this value of Ap the GaA1As is transparent and the
penetration depth in GaAs is 830 nm. TM The solid
line is a least-square fit to the first derivative of a
Gaussian lineshape form. In this fit, the energies
and broadening parameters for Eo(B) and Eo(C) are
fixed at the values given above9 Only the oscillator
strengths are variables. We found Eo(B) is only about
18% of Eo(C).
In Fig. 4 we have plotted the modulation frequency (~m) dependence of the amplitude of the inphase component of the various PR structures. The
variation of Eo(A) and Eo(B) was evaluated from the
spectrum produced by the 633 nm pump radiation
from a He-Ne laser and an acousto-optic modulator
as chopper. We have found that the spectrum for Ap
= 633 nm is very similar to Fig. 2. Since the feature
around 1.42 eV has a contribution from Eo(B) that
is 3 times larger than Eo(C) we have evaluated the
D.m dependence of Eo(B) from the high energy side
( 1.43 eV) of this structure. The behavior of Eo(C)
was taken from Ref. 7.
The dependence of A R / R with ~ can be accounted for on the basis of the following considerations. The chopped pump radiation can be considered as a square wave source. When light impinges
on the sample, electron-hole pairs are created. These
charges are then free to fill traps and modify the
electric field strength. We assume that these excess
carriers change the built-in field in a response time
much faster than the shortest characteristic time of
our modulation. 1 When the light is switched off, the
trap population and hence electric-field strength are
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Fig. 3 - - P h o t o r e f l e c t a n c e signal vs photon e n e r g y for a G a A I A s /
G a A s / G a A s s t r u c t u r e (see text) for a p u m p b e a m w a v e l e n g t h of
820 nm.
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restored with a characteristic time T. For chopping
frequency ~ it can be shown that the Fourier
transform of the in-phase component of the PR intensity, [AR(.Om)/R]i,.pha~, is given by: 17'19
n

[AR(~m)/R]in.ph~ = ~ [AR(o)/R] "f(~m~'~)

(la)

L=I

f ( ~ r , ) = {1 +
9 [1

-

27r2(~mTi) 2

exp(1

-

2/~m~'i)]}/[1 + 4 ~ ( ~ i ) 2]

(lb)

when r, is the characteristic time constant of the ith
trap state and [AR(0)/R]i is the PR signal produced
by the modulation of the ith trap state in the limit
of D~i ~ 1. It can be shown that in order to employ
the principle of superposition of the contribution of
states with different trap times it is necessary to
consider the in-phase component of A R ( ~ ) / R , not
the amplitude. 19
The solid lines in Fig. 4 are least-squares fits of
Eq. (1) to the experimental data. The Eo(A) feature
contains a contribution from only one time con:
stant, rl(A) = 47 fts. This time constant was too fast
to be observed in Ref. 7 for which ~ went only to
4000 Hz because of the limitations of the mechanical chopper. The behavior of Eo(C)is also determined by only one time constant with T~(C) = 0.33
ms, as reported in Ref. 79 However, Eo(B) contains
contributions from two trap mechanisms with ~(B)
= 45 ~s and v2(B) = 0.37 ms as first suggested by
our previous work.7 The various ~i for Eo(A), Eo(B)
and Eo(C) are listed in Table I. For Eo(B) the ratio
of the two contributions [AR(O)/R]I/[AR(O)/R]~ =
1.6. Thus, the main mechanism for the modulation
of the GaAs buffer layer is from the fast states [ri(B)
= 45 ~s] associated with the GaA1As with some
contribution from the slower state. The latter is the
modulation mechanisms for Eo(C) and probably
originates in the interface states between the buffer
and substrate since MBE grown GaAs does not have
any bulk trap states.
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Table I. Values of 7i for Eo(A), Eo(B) and Eo(C)
Feature

ri(~s)

Eo(A)~a)
Eo(B) C"~

47
45
370
330

Eo(C) <b)

(i
(i
(i
(i

=
=
=
=

1)
1)
2)
1)

(a) A, = 633 nm.
(b) Ap = 820 urn.

In conclusion we have used the P R technique to
characterize an undoped GaAIAs/GaAs/GaAs hetero~tructure. By varying both the wavelength of the
p u m p beam and its modulation frequency, we are
able to identify the component layers, their quality
and the properties of the various interfaces. By using an acousto-optic modulator we have been able
to make measurements up to 100 kHz. This has allowed us to obtain information about trap states with
time constants as fast as about 40 fts. We believe
that this technique applied to undoped or low conductivity structures to be complementary to electrical modulation techniques, e.g. electroreflectance, DLTS, etc., which are usually applied to
conducting structures.

REFERENCES
1. R. E. Nahory and J. L. Shay, Phys. Rev. Lett. 21, 1569 (1968).
2. D. E. Aspnes, Solid State Commun. 8, 267 (1970).
3. D. E. Aspnes in Handbook on Semiconductors, Vol. 2, ed. by
M. Balkauski (North Holland, New York, 1980) p. 109.

4. L. Risch, Phys. Stat. Sol. 88(b), 111 (1978).
5. A. Ksendzov, F. H. Pollak, and P. Amirtharaj, J. Cryst. Growth
86, 586 (1988).
6. H. Shen, Z. Hang, S. H. Pan, F. H. Pollak and J. M. Woodall,
App]. Phys. Lett. 52, 2058 (1988) and Refs. therein.
7. H. Shen, F. H. Pollak, J. M. Weodall and R. N. Sacks, J. Vac.
Sci. Technol. B7, 804 (1989).
8. J. W. Garland, H. Abad, M. Vicarro and P. M. Raccah, Appl.
Phys. Lett. 52, 1176 (1988).
9. H. Shen, X. C. Shen, F. H. Pollak and R. N. Sacks, Phys.
Rev. B36, 3487 (1987).
10. Y. S. Tang, to be published in Phys. Stat. Solidi.
11. H. Shen, P. Parayanthal, Y. F. Liu and F. H. Pollak, Rev.
Sci. Instrum. 58, 1429 (1987).
12. D. E. Aspnes, S. M. Kelso, R. A. Logan and R. Bhat, J. Appl.
Phys. 60, 754 (1986).
13. In Ref. 7 it was erroneously stated that the lineshape fit was
to a third-derivative functional form.
14. See, for example, F. H. Pollak and O. J. Glembocki in Proceedings of the Society of Photo-Optical Engineers (SPIE,
BeUingham, 1988) 946, 2 (1988); O. J. Glembocki and B. V.
Shanabrcok, Superlattices and Microstructures 5, 603 (1989).
15. F. H. Pollak in Proceedings of the Society of Photo-Optical
Instrumentation Engineers (SPIE, Bellingham, 1981) 276,
141 (1981).
16. H. L. Zheng, D. Heiman, B. Lax, F. A. Chambers and K. A.
Stair, Appl. Phys. Lett. 52, 984 (1988).
17. T. F. Kuech, D. J. Wolford, R. Potemski, J. A. Bradley, K.
H. Kelleher, D. Yan, J. P. Farrell, P. M. S. Lesser and F. H.
Pollak, Appl. Phys. Lett. 51, 505 (1987).
18. D. E. Aspnes and A. A. Studna, Phys. Rev. B27, 985 (1983).
19. In Eq. (lb) of Ref. 6, A R ( ~ ) / R is the magnitude of the PR
signal, which is the square root of the sum of the squares of
the in-phase and out-phase signals. The quantity does not
obey the principle of superposition. Thus, it is rigoroulsy correct only for a single trap state. For multiple trap states it
is necessary to evaluate the frequency dependence of the inphase component (with respect to the pump beam) in order
to employ the superposition of different contributions.

