PHYSICAL REVIEW B

VOLUME 42, NUMBER 5§

15 AUGUST 1990-1
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Photoluminescence properties of In,Ga,_,As/GaAs strained quantum wells with well widths
from 13 to 120 A are investigated as a function of hydrostatic pressure (0-45 kbar) at liquid-
nitrogen temperature. Pressure coefficients of the ET, transitions between the quantized ground
levels of the I conduction band and the heavy-hole valence band are presented. A weak recombina-
tion with a pressure coefficient of —2.6 meV/kbar is identified, which is attributable to the transi-
tion related to the crossover of the I' band in the well layer and the X band in the barrier layer.
Correlating this transition to barrier-to-well indirect recombination, the valence-band-offset fraction
is given as Q, =AE,/(AE,+AE_.)=0.32 for a sample with indium fraction of x =0.25. The light-
hole band is, therefore, inferred to be type II. Furthermore, the pressure coefficient is found to in-
crease with decreasing well widths, which is opposite to that observed in the GaAs/(Al,Ga)As
quantum-well system. A calculation based on the envelope-function model is made to interpret this

dependence.

I. INTRODUCTION

There is growing interest in strained-layer semiconduc-
tor heterostructures, in which the lattice mismatch be-
tween layers can be accommodated by coherent elastic
strain,! provided that the layer thicknesses are within the
critical layer thickness.? The electronic states in these
types of heterostructures are modulated both by the
strain and by the periodic potential along the growth
direction (z axis). The possibility of getting high-quality
samples with large lattice mismatches has provided new
prospects for modern materials science. As a result, the
electronic structure of strained quantum wells (SQW’s),
such as In,Ga,_, As/GaAs quantum wells, has been fre-
quently studied.3 ™ !!

Hydrostatic pressure has been shown to be a valuable
perturbation technique for studying the electronic prop-
erties of two-dimensional semiconductor materials.'®~16
However, work to date has concentrated on the
GaAs/Al,Ga,_, As system,'2 71317721 yith relatively lit-
tle work on SQW structures.!%!11¢ A pressure, especially
a uniaxial pressure applied along the z direction, can be
used efficiently to probe the strain-induced band struc-
ture.!”!®  Photoluminescence (PL) measurements were
made at a temperature of 77 K for various
In,Ga,_,As/GaAs SQW’s under hydrostatic pressure.
The energy of excitonic transitions were found to be
strongly dependent on the pressure; a weak recombina-
tion was observed, attributable to a pressure-induced
crossover of the T" band in the well layer and the X con-
duction band in the barrier layer. The valence-band
offset is deduced and the pressure coefficients and their
dependence on the well width were determined. A
theoretical calculation based on the envelope-function
model is used to interpret the pressure-coefficient depen-
dence on the well width.

II. EXPERIMENTAL DETAILS

The samples used in this study were prepared by a
computer-controlled molecular-beam-epitaxy machine
made in China. The indium composition and layer thick-
ness were deduced from reflection high-energy electron
diffraction (RHEED) intensity oscillations, and are in
good agreement with double crystal x-ray diffraction mea-
surements?? on multiple-quantum-well samples grown un-
der identical conditions. The uncertainties for the frac-
tional alloy composition and layer thickness are +0.005
and £35 A, respectively. Sample 1 is composed of two
Ino_gsGao_”As/GaAs SQW’s with well widths of 13 and
22 A and two GaAs/Al, ;Gag ;As quantum wells (QW’s)
with well widths of 23 and 45 A. The In,Ga,_,As
SQW’s were grown adjacent to the sample surface, while
the two GaAs/Al,Ga,;_,As QW’s lie deeper within the
structure. Sample 2 consists of five In, ,Ga, 3,As wells
with a well-width sequence of 120, 90, 65, 40, and 20 A
along the growth direction. All the QW’s were separated
by 150-A barrier layers to prevent coupling between
wells. Transmission-electron-microscopy (TEM) mea-
surements show the samples to be free of dislocations at
the interfaces.??

For pressure application, the samples were thinned to
about 60 um from the backside, and cleaved into squares
with sides of less than 0.2 mm. A single sample and a fine
ruby particle were placed in a gasketed diamond-anvil
cell (DAC). A 4:1 mixture of methanol and ethanol was
used as the pressure-transmitting fluid. The pressure was
determined by monitoring the shift in the R(1) emission
from the ruby particle. The transmitting mixture was ob-
served to be in a glasslike state at 77 K, and the hydro-
static character was inferred to be better than +0.2 kbar,
measured from several ruby chips placed at various posi-
tions in the pressure cell.!! The DAC was immersed into
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liquid nitrogen, but the changes in pressure were only
made at room temperature to ensure hydrostatic condi-
tions. The temperature and pressure were observed to be
stable throughout the entire experiment. PL measure-
ments were performed using the 5145- A radiation line
from an argon-ion laser, and dispersed by a double-
grating spectrometer with a microfocusing device. The
signal was acquired by a photon-counting system and
processed by a computer. A GaAs cathode photomulti-
plier tube was used as the detector. The spectral resolu-
tion was 3 A.

III. RESULTS AND DISCUSSIONS

A. Pressure coefficients

The inset of Fig. 1 is a schematic diagram of the con-
duction band in the quantum structure of sample 1. The
PL spectra at 77 K and normal pressure are presented in
Fig. 1(a). Transitions (E!,) between the n =1 electron
level in the conduction band (CB) and the n =1 heavy-
hole (HH) subband in the valence band (VB) were ob-
served for each QW. Transitions corresponding to vari-
ous wells are labeled with the same letters. Peak E corre-
sponds to the exciton transition from the GaAs buffer
layer. The GaAs/Al,Ga,_ As QW’s in sample 1 were
grown to aid the determination of the GaAs growth rate.
Since the optical and pressure behaviors of
GaAs/Al,Ga,_,As QW’s are already well known,'? 15
these QW’s will help confirm the pressure as calibrated
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FIG. 1. PL spectra of sample 1 at 77 K and several values of
pressure. The conduction band of the sample structure is
schematically shown in the inset. PL peaks are indicated with
the same letters as the corresponding quantum wells. Peak E is
the exciton transition from the GaAs buffer layer.
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FIG. 2. PL spectra of sample 2 at 77 K and several values of
pressure.

by the ruby chip. PL emissions from these two QW’s
were partially absorbed by the SQW’s, which are situated
nearer to the surface. The weak PL intensity resulting
from QW D is attributed to its narrow well width (13 A);
the excitons inside it are strongly scattered by defects at
the In,Ga,_, As/GaAs interfaces. The
electron-to-light-hole transition cannot be observed in
these two samples because the splitting generated by the
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FIG. 3. Photon energy of E[, emissions as a function of the
pressure for quantum wells 4 —D in sample 1 at 77 K. The solid
lines are linear least-squares fits to the data.
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TABLE 1. Pressure coefficients for samples 1 and 2 as determined experimentally.

Sample No.
1 2
Well material . Ing ;5Gag 75As GaAs Ing 6Gag gaAs
Well widths (A) 13 22 23 45 bulk 20 40 65 90 120
a (meV/kbar) 10.1 10.0 102 103 10.6 10.51 10.25 10.03 9.98 9.94

built-in biaxial strains causes the light-hole band to be far
away from the heavy-hole band.*”® Figures 1(b)-1(e)
show the PL spectra under various hydrostatic-pressure
values at 77 K. With increasing pressure, all the PL
peaks shift up in energy due to the pressure-induced gap
shift of the bulk GaAs. The emission intensity decreases
drastically for the narrow well at high pressure due to the
CB crossover, which will be described in detail later.

Figure 2 shows corresponding PL results at different
pressures for sample 2. The peaks are related to the HH
exciton emissions from the five quantum wells, all of
different well width. PL intensities in the spectra were
corrected by the response efficiency of the detection sys-
tem, since the quantum efficiency of the photomultiplier
decreases in the long-wavelength region.

The dependence of the transition energy on pressure
for each QW is plotted in Figs. 3 and 4 for samples 1 and
2, respectively. Since the band gaps of GaAs and InAs
are proportionally dependent on the pressure,”® a least-
squares fit was employed for each set of data using the
linear function:

EL.(P)=E!, (0)+aP, (1)

where energy E is in eV and pressure P is in kbar. The
pressure coefficients obtained from the line slopes are list-
ed in Table L.
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FIG. 4. Photon energy of E, emissions as a function of the
pressure for wells a-e havin% widths @ =120 1&, b =90 :&,
c=65A,d =40 A, and e =20 A in sample 2 at 77 K. The solid
lines are linear least-squares fits to the data.

To ensure the accuracy of the determination of pres-
sure and photon energy, the experiment was performed
from 1 bar to 40 kbar with two runs. The uncertainties in
pressure and emission energy were determined to be 0.2
kbar and =1 meV, respectively, which results in an ex-
perimental uncertainty in the pressure coefficient of
+1%. Assuming that the pressure coefficient of the
In,Ga,_,As SQW results mainly from the pressure-
induced enlargement of the In,Ga,;_, As band gap, and
that this value can be linearly interpolated from those of
GaAs and InAs, it may be concluded that the pressure
coefficient of InAs is smaller than that of GaAs. This re-
sult is consistent with the original ones obtained for bulk
materials.?®

B. Energy-level crossover and valence-band offset

It can be seen from Fig. 1 that the PL intensity from all
the QW’s decreases drastically with increasing pressure.
For sample 1 this occurs first for the narrowest well (lo-
cated at higher energy), and is followed in succession by
the larger well widths, which eventually vanish one after
another as the pressure is increased. PL emissions from
GaAs/Al,Ga,_,As QW'’s are the first to disappear since
the initial emission intensities are very low. The spec-
trum for sample 1 at 41.4 kbar is illustrated in Fig. 1(e).
A new peak of weaker intensity at a lower energy than
the transition E], from quantum well C is observable
when the pressure is increased to a value greater than a
critical value P,. This new peak is labeled C’ in Fig. 1(e)
and is related to the transition E,. The photon energies
of the E¥, transition at various pressures are also plotted
in Fig. 3. A linear least-squares fitting yields a pressure
coefficient of —2.6 meV/kbar, which is the same pres-
sure coefficient found for the X valley in the GaAs barrier
layer.?*

It is well known that the I' direct CB of GaAs has a
positive pressure coefficient, whereas the X CB has a
smaller negative one.!>!* With increasing pressure, the I’
band edge increases and the X band edge decreases, so it
is expected that the X CB crosses with the I" band at high
pressures. When the pressure approaches a certain criti-
cal value, P., where the crossover of the X CB with the
first electron level confined in well layer occurs, electrons
will localize in the X CB of the barrier layer, and the QW
becomes a type-II heterostructure, as is schematically
shown in Fig. 5. This critical pressure, P,, can be ex-
pressed as follows:

EY(P=0)—EL,(P=0,L,)

aly—

c
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where a}, and af are the pressure coefficients of the T’
band of the well layer and the X band of the barrier layer,
respectively, and E¥, is the photon energy of the transi-
tion from the X CB edge to the HH level at normal pres-
sure.

When the CB crossover occurs at the pressure P =P,
the electron wave function of the n =1 subband in a QW
will have a significant overlap with that of the electron
wave function in the X valley of the barrier layer, which
is now located at the same energy level. As a result, an
electron delocalization from the well to the barrier layer
can be expected, and an additional recombination may
appear, shown as EY¥, in Fig. 5. Thus, the additional
transition EY, is attributed to the transition from the
electron in the X-band valley of the barrier layer to the
HH level in the well layer. This assertion is strongly sup-
ported by the agreement between the deduced pressure
coefficient, taken from the line slope, with that of the re-
ported value for the X CB in GaAs.”?* These values are
substantially lower than those reported by others.!>” !
While it is not yet well understood, one possibility may be
related to the different dependences of the confined HH
level on the pressure since our pressure coefficient was
determined from the Ef, transition. A spectrum taken
from the ruby at high pressure ensures that the additional
peaks originate only. from the QW’s. Since the electron
and the HH are located in separate real and reciprocal
spaces, the emission intensity is very weak and difficult to
observe. The transfer of electrons causes the intensity of
the ET, emission to decrease drastically when the pres-
sure exceeds P..

By extrapolating the E¥, line back to normal pressure,
as indicated by the dashed line in Fig. 3, the transition
energy from the X CB to the n =1 HH at normal pres-
sure is deduced to be E¥, (P =0)=1.920 eV. Therefore,
the VB discontinuity for the In, Ga,_, As/GaAs hetero-
junction is

AE,=E}(GaAs)—[E{,(P=0)+E,]+E, , 3)

X Valley (P=0)

i InGaAs GaAs
— r
.................. X

E} [E}P=0) Ein S
) Es { un

‘ }
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FIG. 5. Schematic diagram of the band structure at pressures
P=P,.
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where the X CB band gap is Ef(GaAs)=1.971 eV," and
E, is the binding energy of the exciton formed between
the electron in the X band of the barrier and the HH level
in the well layer. This exciton is labeled X,,,,. Since
electrons and holes are separate in both real and recipro-
cal spaces, the exciton X, , is estimated to have E, =5
meV.° E, is the confinement energy of the n =1 HH in
the VB quantum well. An energy-level calculation based
on the envelope-function model* starting from Eq. (3) is
performed. The self-consistent calculation results in a
VB discontinuity, AE,, of 77 meV.

The band gap of strain-free In,Ga,_, As was calculat-
ed using the following relation:*>

El(In,Ga,_,As)=E;(GaAs)—1.47x +0.375x* . (4)

Furthermore, the effect of the strain on the band gap of

the In,Ga,_, As layer is considered using standard elas-

tic theory:*~®

AE, =[—2a(C); —C;)/Cy +b(Cy; +2C,)/Cy]e,
(5)

AElhz[ —2a (C“ _CIZ)/CII —b(Cll +2C12)/C11 )]E N

where a and b are the deformation potentials, C;, and
C,, are the elastic stiffness constants, and ¢ is the built-in
strain.

The VB offset fraction, Q,=AE,/(AE,+AE,) is 0.32,
as determined from AE, and the strained band gap of
In,Ga,_,As as deduced above. Q, has been extensively
studied’®~? since it is an essential parameter in the charac-
terization of the electronic structure of semiconductor
heterojunctions. Q, has been found to be dependent of
the In,Ga,_,As composition (or strain) for SQW’s,”®
and our results are in reasonable agreement with reported
values. The discrepancy is thought to originate from the
different lineup of the band structure at the
In,Ga,_, As/GaAs interfaces for samples prepared un-
der different conditions due to indium segregation.

From Eq. (5) the splitting of HH and light-hole (LH)
bands is calculated to be 120 meV for this x =0.25 sam-
ple. This value is smaller than the HH-band discontinui-
ty, and thus the light hole is localized in the GaAs barrier
layer and the heterostructure is inferred to be of type II
for the LH band at this indium fraction.

C. Dependence of the pressure coefficient on the well width

Table I shows a weak but distinguishable decrease in
the pressure coefficient of the transition energy as the
well widths are decreased. In order to eliminate the sta-
tistical error due to any uncertainty in deducing pressure
from the ruby line, an analysis similar to Ref. 13 was ap-
plied: the energy difference between different wells at the
same pressure is taken and plotted in Fig. 6 for sample 2
as a function of pressure. Least-squares fits are made us-
ing the differences in transition energies to determine the
difference in the pressure coefficient instead of subtract-
ing the individually determined pressure coefficients.
Such analysis yields a slope which gives the difference in
a directly. As shown in Fig. 6, the slopes of the fitting
lines are smaller in magnitude for pairs of quantum wells
having well widths close in dimension, since their transi-
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FIG. 6. Energy differences of the E, transitions for each
pair of quantum wells as a function of pressure for sample 2.
The lines are linear least-squares fits. Note that the magnitudes
of the slopes are smaller for pairs of wells with smaller
differences in transition energies.

tion energies are close in value. This kind of difference fit
is made for all pairs of quantum wells in sample 2. It is
clear that narrower wells have larger pressure
coefficients.

Wolfold et al.'? and Venkateswaran et al.!’> have ob-
served that the pressure coefficient from a narrow
GaAs/Al,Ga,_,As quantum well has a smaller value
than that of a wide well, which is the opposite of the re-
sults presented here. There are many effects that may ac-
count for the well-width dependence of a. Pressure de-
creases the lattice constant and therefore narrows the
well width in a heterostructure. In addition, the effect of
different pressure coefficients in the well and barrier layer
may counter the change of the barrier height with pres-
sure. Furthermore, the CB effective mass is increased by
the apglication of pressure due to the nonparabolicity
effect,!” which affects both the subband energies and exci-
ton binding energies in the quantum wells. Lefebvre
et al.’® have performed a calculation for
GaAs/Al,Ga,_,As quantum wells based on the
envelope-function model, in which the nonparabolicity of
the CB was included with Kane’s three-band model."’
The calculation matched the experimental results'® very
well. Leburton et al. also presented similar results using
different theoretical considerations.?

The same calculation made by Lefebvre and co-
workers was made for the In,Ga,_,As/GaAs SQW’s,
and includes the consideration of the band-gap enlarge-
ment and the splitting of heavy- and light-hole bands gen-
erated by the built-in biaxial strain derived from Eq. (5).
(The GaAs layer is thought to be strain free since the to-
tal thickness is much larger than that of the In, Ga,_, As
layer.) The details of the calculation are not repeated
here. Parameters used in this calculation are listed in
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TABLE II. Physical constants of GaAs and InAs.

GaAs InAs
Lattice constant (A) 5.6533 6.0583
C,, (1072 kbar) 11.88 8.329
C,, (1072 kbar) 5.38 4.526
a (eV) —9.8 —59
b (eV) —1.8 —17
mX/m, 0.0665 0.023
mk /mq 0.34 0.32
dE, /3P (meV /kbar) 10.7 9.5

Table II. Values used for the In,Ga,_, As alloy are in-
terpolated from values for InAs and GaAs.

In Fig. 7 the theoretical result is plotted together with
the experimentally determined result. The upper curve is
from the calculation excluding the nonparabolicity effect
of the CB, while the lower curve includes this effect using
the three-band model.!® In order to compare this with
the experimental results, calculations are made for the
different pressures at which the experiments were per-
formed, and the final theoretical result is obtained using
least-squares fitting. As shown in Fig. 7, the theoretical
results are in qualitatively good agreement with the ex-
perimental results. It is found that the change in barrier
height induced by the change in the pressure and the
nonparabolicity of the CB are the most significant effects
responsible for the a dependence on the well width. The
pressure coefficient of the exciton emission from the
quantum well approaches that of the bulk value as the
well layer approaches the wide width limit, because
quantum-size effects disappear as the well width exceeds
the deBroglie wavelength of the carrier. Similarly, a also
approaches that of the bulk value in the barrier layer as

11.0 — T

5

E-]

=

2 105} -
E

€

k]

S

t {

Q

Q

o

© 100} I { { :
3

7]

(7]

e

-8

9.5L— . .
0 50 100 150

Well width (A)

FIG. 7. Pressure coefficient as a function of the well width
measured from sample 2. The curves are from the theoretical
calculation using the envelope-function model: the upper curve
excludes the nonparabolicity effect; the lower includes the non-
parabolicity effect.
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the well width is decreased to the narrow width limit, due
to the extension of the exciton wave function into the
barrier. Thus the wider well has a smaller a since the
pressure coefficient of the In,Ga,_, As well layer has a
smaller value than that of the GaAs barrier layer. In
GaAs/Al,Ga,_,As heterostructures, a in the well layer
(GaAs) is larger than that in the barrier layer
(Al,Ga,_,As),” and the tendency is, therefore, the op-
posite of our result.

The deviation between the experimental and theoreti-
cal results shown in Fig. 7 is not yet well understood. As
can be seen in Fig. 6, the difference in transition energy
subtracted from the different pairs of quantum wells is
nonlinear, although there is some sublinear dependence
on the pressure, which is attributed to the nonparabolici-
ty effect of the CB. Our calculation, in which the non-
parabolicity of the CB is accounted for with the three-
band model,' has not yielded a significant improvement.
Therefore, it seems that the three-band model does not
describe the nonparabolicity of the CB well, and a more
careful consideration of the strain effect may be neces-
sary. Moreover, interactions from the L and X extrema
should be considered because of pressure-induced
changes to the CB configuration.!’
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IV. CONCLUSIONS

The pressure dependence of optical properties are stud-
ied for single In, Ga,_, As/GaAs strained quantum wells
grown with several well widths on the same substrate,
which allows for direct measurements of the pressure
coefficient as a function of the well width. Pressure-
dependent PL measurements, made at 77 K and up to 45
kbar, show that the transition energy is strongly depen-
dent on the pressure. The pressure coefficient is observed
to be larger for narrower wells, and this tendency is in
good qualitative agreement with the envelope-function
calculation. An energy crossover is observed in this ma-
terial for the first time. The appearance of weak recom-
binations from the X valley in the conduction band allows
for the determination of the valence-band offset rather
directly.
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