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The band structure of Ing.53Gao.47P/Ine.s0Alg.50P multiple quantum wells grown by molecular-
beam epitaxy has been determined from pressure-dependent-photoluminescence measurements at
low temperature. The photoluminescence signals from the direct-gap well and the indirect barrier
were monitored as a function of pressure up to 4 GPa. High pressure transformed the multiple
quantum well from a type I to a staggered aligned, type Il at 1.1 GPa. This transition was evidenced
by the appearance of a photoluminescence signal due to the recombination of carriers separated
in momentum and space. The simultaneous detection of this transition and that of the barrier
material, allowed the direct determination of a valence-band offset energy of (0.24+0.05)eV, without
requiring any information on parameters of the bulk materials. Considering that the total band-gap
discontinuity for this heterostructure system is 0.50 eV at 20 K, an approximate band-gap splitting
of 52:48 is determined to be the band lineup at the In,Ga;_.P/InyAl;_,P interface. Variations in
the pressure coefficients of the indirect transitions in the barrier indicated that the valence band
alignment changes with pressure at a rate of ~18 meV/GPa, due to shifting of the heavy- and

15 DECEMBER 1993-11

light-hole states with biaxial strain induced in the epilayers by applying pressure.

I. INTRODUCTION

The possibility of using quantum confinement to vary
the effective band gap of In,Ga;_,P/In,Al;_,P het-
erostructures in the wavelength range 540-650 nm makes
this system suitable for the engineering of optoelec-
tronic devices which operate in the visible region of
the optical spectrum. In,Gaj_,P heterostructures have
been used as the wide-band-gap component of edge-
emitting? and vertical-cavity-surface-emitting semicon-
ductor lasers? and have also been employed in the de-
sign of heterojunction bipolar transistors.? In spite of
the broad application of this material, basic knowledge of
fundamental parameters such as the band discontinuities
which are required for the design of efficient devices are
still unknown.

We report the first, to our knowledge, direct de-
termination of the band discontinuities in In,Gaj_,P/
In,Aly_,P multiple quantum wells (MQW’s) from low
temperature photoluminescence (PL) measurements per-
formed at high pressure. The valence band offset of this
heterostructure was directly deduced from the PL signals
corresponding to different transitions within the well and
barrier obtained by excitation with three different lines
of an argon ion laser.

High pressure photoluminescence measurements offer
the possibility of determining the band-gap discontinu-
ities in multiple quantum well structures which show a
type-I alignment for the direct gap and a type-II align-
ment for the indirect X minima.* This method uses high
pressure to modify the band structure of the heterostruc-
ture materials to obtain a band alignment in which the
lowest conduction band state and the highest valence
band state are separated in space. Under this condition
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indirect recombination of the spatially separated carriers
is possible. Monitoring the variation with pressure of this
indirect transition in addition to the recombination of
carriers in the barrier material allows the determination
of the energy of the barrier X minima at atmospheric
pressure with respect to the well and barrier valence
band, respectively. The valence band offset can then be
directly calculated as the energy difference between these
two transitions. The main advantage of the high pressure
technique is that it does not require any assumptions con-
cerning the bulk parameters nor does it require theoret-
ical modeling or a special configuration of the sample as
needed in some of the other techniques which have been
used to determine the band offsets.> 0 Using this tech-
nique the band alignment of several heterostructure sys-
tems such as GaAs/Al,Ga;_,As,* GaAs/In,Ga;_,P,!!
and more recently GaAs/Ga,As; P (Ref. 12) have been
determined.

The rest of this paper is organized as follows: in Sec. II
the sample characteristics and the high pressure photo-
luminescence experiments are described, the results are
presented and discussed in Sec. IIT and Sec. IV summa-
rizes the main findings of this work.

II. EXPERIMENTAL DETAILS

The In0_53Ga0_47P/Ino_50A10,50P MQW samples were
grown by gas-source molecular-beam epitaxy on a semi-
insulating (100) GaAs substrate. The MQW’s were com-
posed of 30 periods of 8.5 nm wells and 22.5 nm barriers.
An In-Al-P capping layer of 210 nm was also deposited.
The samples were unintentionally n-doped with a back-
ground concentration of 10'® cm~3. Transmission elec-
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tron microscopy, and photoluminescence measurements
indicated that the In,Ga;_,P material is mostly disor-
dered. A detailed description of the growth and charac-
terization of these samples is given in Ref. 13.

For the high pressure photoluminescence measure-
ments, the GaAs substrate was removed by chemical
etching and a small portion (100x150 pm) of the epilayer
was placed in the gasketed diamond anvil cell (DAC).4
A small piece of ruby was positioned next to the sam-
ple for the measurement of pressure, and a second ruby
chip placed in the DAC body outside the pressure cham-
ber was used as the zero pressure reference.!* A sam-
ple of bulk In,Ga;_,P was also placed outside the pres-
sure chamber for the measurement of the band gap of
this material. Argon was used as the pressure transmit-
ting medium. The choice of this pressure medium along
with the reduced thickness of the sample were required
to guarantee quasihydrostatic conditions at low temper-
ature and at the highest pressure of 4 GPa achieved in
these experiments. The DAC was cryogenically cooled
to 20 K with a close-cycle He refrigerator. Using a spe-
cially designed cryostat chamber the pressure in the cell
was changed while still at low temperature. Our abil-
ity to vary the pressure at low temperature avoided any
hysteresis problems which may be encountered in systems
requiring room temperature pressurization subsequent to
cooling and measuring.

The PL from the multiple quantum wells was excited
using three different lines from an Ar™ laser, 514, 488,
and 458 nm, each with a constant power of 3.5 mW. This
variation in the wavelength allowed the excitation of dif-
ferent transitions in the well and barrier materials. The
PL was dispersed using a 0.75 m spectrometer equipped
with a 1200 g/mm grating and detected by a thermoelec-
trically cooled photomultiplier tube. Standard chopping
techniques and a lock-in amplifier were used to analyze
the signal.

III. RESULTS AND DISCUSSION

Typical PL spectra at different pressures obtained by
excitation with the different Ar* lines are shown in Fig.
1. Curves a, b, and ¢ were obtained with an excitation
energy of 2.41 eV (514 nm). At low pressures the main
PL feature, labeled E;, corresponds to recombination in
the well involving the n = 1 lowest confined conduction
band state and the 1hh heavy hole valence band state.
For pressures higher than 1.1 GPa a second much weaker
and broader peak (E) appears at an energy of 2.09 eV.
For pressures higher than 2.3 GPa another transition of
characteristics similar to those of the F» peak is detected
at an energy of 2.2 eV. This peak was labeled E5;. Both
E,; and E3 were resolvable even at the highest pressure
of 4 GPa. Excitation of the carriers with 2.54 eV (488
nm) photons resulted in PL spectra (not shown) with the
same features as those shown in curves a—c.

When the PL was excited with 2.7 eV (458 nm) pho-
tons an additional broad peak at 2.35 eV is also observed.
This peak, which was labeled E4, is shown in Fig. 1,
curve d, along with the E; peak and a much weaker peak
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FIG. 1. Typical PL spectra of In,Ga; _.P/InyAl; _,P mul-
tiple quantum wells at different pressures at 20 K. Curves a—c
were obtained with excitation of the carriers with a photon
energy of 2.41 eV (514 nm) and curve d was obtained with an
excitation of 2.7 eV (458 nm) photons.

at 2.27 eV which corresponds to the E3 transition. For
the highest excitation energy of 2.7 eV, it is possible to
excite carriers in the well with sufficient excess energy to
scatter to the indirect X level as well as to excite carriers
within the barrier. The unique identification of these PL
transitions, as shown below, requires the knowledge of
the corresponding pressure coefficients.

A weak but resolvable peak at 1.94 €V is also observed
in the PL spectra near zero pressure, for all three different
excitation energies. Olsthoorn et al.1® have speculated on
the nature of this transition in In,Ga;_,P alloys as an
isolated center whose PL was both temperature and exci-
tation independent. The fact that this transition is only
observable at very low pressures suggests that this tran-
sition is possible only when the n = 1 level is resonant
with the center. Regardless, the origin of this PL peak
remains speculative.

The measured energy variation with pressure of the
E; — E,4 transitions is shown in Fig. 2. The energy
of the F; transition shows the characteristic direct gap
behavior, increasing with pressure at a rate of (92+3)
meV/GPa. The remaining transitions, on the other
hand, show negative pressure coefficients, a behavior
which is characteristic of an X-like band. The high-
est energy transition F, is identified as that correspond-
ing to recombination between electrons in the barrier X
level (Xp) and holes in the barrier valence band. The
atmospheric pressure value of the energy of these min-
ima agrees very well with previous determination of the
band structure of bulk In,Al;_,P.1® At about 1.1 GPa
the onset of the first direct-to-indirect crossover (E; —E3)
occurs. The transition E5 is identified as that involving
states from the X3 level in the barrier and the 1hh va-
lence band states in the well. This PL is the result of the
recombination of carriers which are separated in momen-
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FIG. 2. Variation with pressure of the measured PL tran-
sition energies from Ing 53Gaog.47P/Ino.5 Alg.s P multiple quan-
tum wells. Results of different excitations are indicated with
different symbols: square, 458 nm; circle, 488 nm; and tri-
angle, 514.5 nm. Four energy bands are clearly identified.
The lines correspond to the least squares fit of the data from
which the pressure coefficient and the energy at atmospheric
pressure of each of the transitions were obtained.

tum and space, that is, at this pressure the type-1 MQW
is transformed into a type-II staggered aligned system. A
second direct-to-indirect crossover (E; — E3) is observed
at 2.3 GPa. This crossover, which is accompanied by the
quenching of the F; PL signal, is assigned to the cross-
ing of the n = 1 level and the well X minima (X,,). The
corresponding crossover in bulk In,Ga;_.P at low tem-
peratures occurs at 2.6 GPa.'” The lower transition pres-
sure of this direct-to-indirect crossover in the MQW is a
consequence of the larger pressure coefficient of the direct
gap of In,Ga;_.P in a confined structure when compared
with bulk material.'” Thus the transition E3 is assigned
to recombination of carriers from the X, minima into the
well valence band. Figure 3 schematically shows the dif-
ferent PL transitions observed in In,Ga;_,P/In, Al _,P
multiple quantum wells in these experiments.

Corroborative evidence of the E; — FEy direct-to-
indirect crossover was obtained by monitoring the PL
intensity as a function of pressure. A sharp reduction
in the E; PL peak intensity is observed at 1.1 GPa, as
shown in Fig. 4. This behavior in the PL intensity is typ-
ical of a direct-to-indirect crossover and has been previ-
ously observed in other ITI-V materials.!®° Also shown
in this figure is the PL peak intensity corresponding to
the F, transition, which is approximately constant in the
pressure range of these measurements.

Another feature which establishes our assignment of
the E, transition was obtained by monitoring the depen-
dence of the PL peak intensity of the indirect transitions
on excitation power. Figure 5 shows the excitation power
dependent PL at 2.4 and 3.12 GPa for the two indirect
transitions E5 and F3. It is clear that the PL peak in-
tensity from the indirect transition E3 within the well
is constant with excitation power; however, the indirect
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FIG. 3. Schematic diagram of the band structure of
In,Ga;_.P/In Al P MQW’s showing the PL transitions
observed at 20 K at different pressures. The valence band off-
set can be directly determined from F; and E4 with a small
correction due to the heavy hole band confinement energy.

transition E5 from the barrier into the well is excitation
power dependent. The observed blueshift in the PL peak
intensity of this transition is attributed to band bend-
ing due to an electric field created at the interface by
the spatially separated carriers and has been previously
observed in the GaAs/AlAs quantum well system?® and
in GaAs/In,Ga;_,P MQW?’s at high pressure.?! The ab-
sence of any redshift in the peak intensity of the F3 tran-
sition indicates negligible lattice heating.

The pressure coefficients of the different transitions
were obtained from the slope of the least square fit to the
data. The y intercept of these fits yielded the energy of
the different electronic levels in the well and barrier at at-
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FIG. 4. Pressure dependence of the PL peak intensity from
the main direct transition E; and that corresponding to the
indirect transition E; between the barrier and the well. A
two-orders-of-magnitude decrease in the peak intensity is ob-
served at about 1 GPa due to the direct-to-indirect transitions
between the barrier and the well. Lines through the data are
only a guide to the eye.
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GPa. The E> PL peak energy from the barrier is blueshifted
with excitation power whereas the indirect transition within
the well (E3) is relatively constant with power. The blueshift
is a consequence of band bending due to the electric field cre-
ated by the spatially separated carriers.

mospheric pressure. These parameters and the crossover
pressures of the two direct-to-indirect transitions have
been summarized in Table 1.

Relevant information on the variation with pressure of
the valence band offset can be obtained by comparing the
pressure coefficients of the F3 and FE4 transitions. Since
both transitions originate at the same level X3, their pres-
sure coefficient should be the same. However, our results
show that the FE, transition decreases with pressure at
about twice the rate of the F, transition. This difference
in the pressure coefficients indicates that either the 1hh
well valence band state or the barrier valence band are
changing with pressure, possibly due to the presence of
biaxial strain.

In two-dimensional systems the effect of hydrostatic
pressure results in the generation of a biaxial strain in
the growth plane due to the difference in the elastic con-
stants of the well and barrier materials.22 This biaxial
strain is responsible for the shifting of the heavy and
light hole bands and the splitting of the indirect conduc-
tion band minima.?® We calculated the pressure induced
strain for our sample using elastic theory and the corre-
sponding shift of the heavy and light hole bands.24 The
elastic constants of both ternary materials were interpo-
lated from the binary constituents?® and were assumed
to be constant in the pressure range of these experiments.
These calculations show that as pressure is increased a
biaxial tensile strain is induced in the In,Ga,_,P well
and a compressive strain, less than half the value of that
in the well, is generated in the InyAl, _,P barrier. This
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FIG. 6. Energy shift of the heavy and light hole bands in
In,Ga;_,P as a function of pressure The shifts are calculated
with respect to the average valence band energy using the
solid-model approach (Ref. 24). Both bands were assumed to
be separated by 16 meV at atmospheric pressure.

difference in the magnitude of the strain in the well and
barrier indicates that the changes in the band alignment
are mostly due to the variation with pressure of the well
valence band states. The corresponding shift in energy
with pressure of the heavy and light hole well valence
band states is shown in Fig. 6. The heavy hole band
shifts with pressure at a rate of —13.5 meV/GPa while
the light hole energy increases with pressure at a rate of
+21.5 meV/GPa. Taking into account a separation of 16
meV between the heavy and light hole band as calculated
from the envelope-approximation,?® it is found that the
two bands cross at 0.5 GPa. Therefore, in almost the
entire pressure range of these experiments the light hole
band is the top valence band state. Since this band has
a positive pressure coefficient and the indirect transition
FE; has a negative pressure coefficient, then the measured
rate is larger than that of the F, transition. A pressure
rate for the light hole band of 18 meV /GPa is obtained
from the difference between the measured pressure rates
of the Ey; and FE, transitions, in good agreement with
the rate obtained in the calculations. The shifting of the
light hole band is also responsible for the increased pres-
sure coefficient of the E3 transition. The lower crossover
pressure of this transition when compared to bulk!” is
due to the splitting of the X, minima with strain. In
calculating the splitting of the well valence band states
with strain we have ignored the variation in the confine-
ment energies due to the change of the effective masses

TABLE I. Zero pressure energy band position, pressure coefficient, and crossover pressure of the
different transitions observed in In,Ga;_.P/InyAl; _,P multiple quantum wells.

E (eV) dE,/dP Transition pressure
[at P = 0 GPa) (meV/GPa) (GPa)
In-Ga-P (E1) 1.984£0.004 9213
In-Ga-P/In-ALl-P (E3) 2.1240.01 2845 1.1+0.2 (E; — Ea)
In-Ga-P (Es) 2.27240.007 3143 2.3+0.5 (E; — Es)
In-Al-P (E.) 2.3540.01 -10+4
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with pressure and that due to the change in the well
width with pressure. These corrections are very small,
have opposite pressure coefficients, and therefore their
effect on the confinement energy change with pressure
is negligible. From our experimental results and calcu-
lations we find that in the In,Ga;_.P/In,Al;_ P sys-
tem the valence band alignment cannot be assumed to
remain constant with pressure as has been the case in
the GaAs/Al,Ga;_,As system.* While this variation in
energy of the valence band states modifies the pressure
coefficients of the PL transitions, it does not alter the en-
ergy difference between the conduction and valence band
states at atmospheric pressure.

The determination of the valence band offset of the
In.Ga;_,P/InyAl,_, P heterointerface is straightforward
knowing the energy of the different indirect transitions at
atmospheric pressure. In reference to Fig. 3, the valence
band offset is given by

AE, =FE4— E; + E1nn (1)

where FEipp is the confinement energy of the heavy hole
band. In the envelope approximation, E1py is found to be
equal to 9 meV when an In,Ga;_,P hole effective mass
of 0.46my is used.!’ With this value of Eqnn a valence
band offset of 0.24 eV is obtained from Eq. (1). This
value of the band offset is smaller than that predicted by
the model solid approach of Van de Walle.?4

The calculation of the valence band offset using Eq.
(1) assumes that the acceptor concentration is negligible
in both the well and barrier materials, since our samples
are n-type. However, in the presence of acceptor levels in
either the well or barrier material, this expression needs
to be modified to account for the binding energy of the
acceptor level. We have calculated the valence band off-
set in this case considering two limiting situations, one
in which an acceptor level with a binding energy of 50
meV is located in the well material, and the other in
which the same acceptor level is located in the barrier.
In the first case, the valence band offset is found to be
0.19 eV while in the second case a value of 0.29 eV for
the valence band offset is obtained. Including the accep-
tor binding energy and the experimental uncertainties
we find AE, = (0.24 £ 0.05) eV. To our knowledge, the
only other reported measurement of the band offset ener-
gies for the In-Ga-P/In-Al-P interface has been made by
Watanabe and Ohba using capacitance-voltage (C — V)
carrier profiling.?” They obtained a value at 300 K of
0.11 eV for AE, for an Ing 5Gag.sP/Ing 5Aly sP hetero-
junction grown by metal-organic chemical vapor epitaxy.
Using a band-gap difference of 0.50 eV, their result indi-
cates AF, of 0.39 eV, considerably higher than our value
of AFE, =(0.241+0.05) eV. The reason for this discrepancy
may be the precision of the measurement techniques. The
AFE, obtained by the C — V method is now known to
be strongly influenced by the structure (i.e., interfacial
charge, doping, and compositional nonuniformities) and
measurement conditions (i.e., frequency, temperature),
and thus large errors in AE, can easily occur.?® In fact,
Watanabe and Ohba note that a simulated carrier pro-
file based on their AE,. value did not fit their measured
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profile.2” In comparison, the pressure-dependent PL tech-
nique employed here measures energy levels directly and
does not require additional knowledge of the bulk or in-
terface properties. Thus, the value of AE, = 0.241+0.05
eV is free of the errors inherent in the C — V technique.

The conduction band offset can be calculated from the
measured value of the valence band offset and the band-
gap energy difference of the well and barrier materials.
The value of the direct band-gap of bulk In,Ga;_,P was
determined from the maximum of the photoluminescence
signal from the bulk sample corrected for the exciton
binding energy. A value of 1.95 eV was obtained at 20 K.
The band-gap of the barrier materials was taken equal to
2.45 eV from previous measurements on the band struc-
ture of In-Al-P.1® The total band discontinuity for this
heterostructure system is calculated to be 0.50 eV at 20
K. Therefore, the conduction band offset energy is 0.26
eV and a 52:48 band-gap splitting is determined to be
the band lineup in the In,Ga;_.P/InyAl; _,P MQW. A
schematic of the band structure diagram of this MQW is
shown in Fig. 7. The only assumption made in this band
diagram involves the energy of the barrier I' minimum;
however, this assumption does not play a role in deter-
mining the valence band offset as discussed above. The
band diagram also shows the position of the indirect X
levels in the well and barrier materials with respect to the
well and barrier valence bands as obtained from the mea-
surements. The 136 meV separation between the barrier
X level and the lowest confined conduction band state in
the well sets a lower limit for the well width of 16 A for
a type-I structure. This result agrees well with the mea-
surements of Hafich et al.,'> who observed the quench-
ing of the photoluminescence in In,Ga;_,P/InyAl;_,P
for well widths lower than 18 A. Therefore the shortest
wavelength that can be achieved with this heterostruc-
ture system is 563 nm. Shorter wavelengths would result
in a type-II MQW which has been shown to have low
radiative efficiency and radiative lifetimes up to several
usec.?® These characteristics along with the low mobility
of the carriers associated with the X valley are detrimen-
tal in device performance.

L w
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L etk A A SEEEEEE AE=0.26eV
b ‘} 136meV ; v Ei’
Iun1=23mev
Eg=1.952eV E1=1.984eV
2.35eV
E1 hh=9meV *] L
I i
temev & ' h AE,= 0.24eV
fe—— 85A ——»

InAIP InGaP

FIG. 7. Energy band diagram of In.Ga;_.P/In Al; _,P at
atmospheric pressure and 20 K . The values for the band-gap
energies and energies of the barrier and well X minima are
all obtained from the experiments.
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IV. CONCLUSIONS

The band structure of Ings5Gag sP/Ing 5AlgsP mul-
tiple quantum wells was determined from low temper-
ature photoluminescence measurements at high pres-
sure. Selective excitation of different transitions in the
well and barrier materials allowed, to our knowledge,
the first direct determination of the valence band off-
set at atmospheric pressure. This heterostructure sys-
tem transformed from a type-I alignment to a type-II
staggered-aligned system at 1.1 GPa. This direct-to-
indirect crossover was accompanied by a sharp decrease
in the intensity of the direct gap photoluminescence sig-
nal. The valence band alignment was found to vary with
pressure due to pressure induced strains in the epilayers.

PATEL, HAFICH, ROBINSON, AND MENONI 48

ACKNOWLEDGMENTS

The authors kindly acknowledge Professor M. Chan-
drasekar and B. Weinstein for stimulating discussions,
Professor J. Mahan for lending us the close-cycle He re-
frigerator, and Professor D. Lile for the photomultiplier
tube and cooled housing. This work was supported by
the Center for Optoelectronic Computer Systems spon-
sored by the National Science Foundation/Engineering
Research Center Grant No. ECD 9015128, the Colorado
Advanced Material Institute, the State of Colorado, and
the Air Force Office of Scientific Research (Contract No.
F49620-93-1-0021).

! G. Hatakoshi, K. Itaya, M. Ishikawa, M. Okajima, and Y.
Uematsu, IEEE J. Quantum Electron QE-27, 1476 (1991).

2 R. P. Schneider, Jr., R. P. Bryan, J. A. Lott, G. R. Olbright,
Appl. Phys. Lett. 60, 1830 (1992).

3M. J. Mondry and H. Kroemer, IEEE Electron. Devices
Lett. EDL-6, 175 (1985).

4 D. J. Wolford, T. F. Kuech, and J. A. Bradley, J. Vac. Sci.
Technol. B 4, 1043 (1986).

R. C. Miller, A. C. Gossard, D. A. Kleinman, and O.
Munteamu, Phys. Rev. B 29, 1329 (1984).

8 W. 1. Wang, Solid State Electron. 29, 133 (1986).

7 M. A. Haase, N. Pan, and G. E. Stillman, Appl. Phys. Lett.
54, 1457 (1989).

8 J. Batey and S. L. Wright, J. Appl. Phys. 59, 200 (1986).

9 M. A. Rao, E. J. Caine, H. Kroemer, S. I. Long, and D. L.
Babic, J. Appl. Phys. 61, 643 (1987).

10T, J. Drummond and I. J. Fritz, Appl. Phys. Lett. 47, 284
(1985).

1 3. Chen, J. R. Sites, I. L. Spain, M. J. Hafich, and G. Y.
Robinson, Appl. Phys. Lett. 58, 744 (1991).

2 W. Shan, S. J. Hwang, and J. J. Song, H. Q. Hou, and C.
W. Tu, Appl. Phys. Lett. 62, 2078 (1993).

13 M. J. Hafich, H. Y. Lee, G. Y. Robinson, D. Li, and N.
Otsuka, J. Appl. Phys. 69, 752 (1991).

% A. Jayaraman, Rev. Sci. Instrum. 57, 1013 (1986), and
references therein.

53, M. Olsthoorn, F. A. J. M. Driessen, and L. J. Giling, J.
Appl. Phys. 71, 2423 (1992).

6 D. P. Bour, J. R. Shealy, G. W. Wicks, and W. J. Schaff,
Appl. Phys. Lett. 50, 615 (1987).

!7J. Chen, Ph. D. dissertation, Colorado State University,
1990.

'8 C. S. Menoni, H. D. Hochheimer, and I. L. Spain, Phys.
Rev. B 33, 5896 (1986).

1% H. Miiller, R. Troemmer, and M. Cardona, Phys. Rev. B
21, 4879 (1980).

20 G. Olbright, W. S. Fu, J. T. Klem, J. M. Gibbs, G.
Khitrova, R. Pon, B. Fluegel, K. Meissner, N. Peygham-
barian, R. Binder, I. Galbraith, and S.W. Koch, Phys. Rev.
B 44, 3043 (1991).

21 J. Chen, D. Patel, J. R. Sites, I. L. Spain, M. J. Hafich,
and G. Y. Robinson, Solid State Commun. 75, 693 (1990).

22 3. A. Tuchman and I. P. Herman, Phys. Rev. B 45, 11929
(1992).

23 T. P. Pearsall, Semiconductor and Semimetals (Academic
Press, Boston, 1990), p. 1.

24 Chris G. Van de Walle, Phys. Rev. B 39, 1871 (1989).

25 T. Y. Wang, A. W. Kimball, G. S. Chen, D. Birkedal, and
G. B. Stringfellow, J. Appl. Phys. 68, 3356 (1990).

26 G. Bastard, Wave Mechanics Applied to Semiconductor
Heterostructures (Halsted Press, New York, 1988), p. 63.
2" M. O. Watanabe and Y. Ohba, Appl. Phys. Lett. 50, 906

(1987).

28 L. Y. Leu and S. R. Forrest, J. Appl. Phys. 64, 5030 (1988).

2% J. Nunenkamp, K. Reimann, J. Kuhl, and K. Ploog, Phys.
Rev. B 44, 8129 (1991).



