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We have measured the photoreflectance (PR) spectra at 300 and 77 K of two strained-layer [001]
In,Ga,_,As/GaAs (x =~0.12) multiple quantum wells (MQW’s) with nominal well (Lz) and barrier
(L) widths of (50 A)/(100 A) and (30 A)/(100 A), respectively, as deduced from the growth condi-
tions. In both samples we have observed a number of features in the PR spectra corresponding to
miniband dispersion (coupling between wells) of both confined and unconfined (above the GaAs bar-
rier) transitions. The coupling between wells leads to different transition energies at the mini-
Brillouin-zone center (I') and the edge () along the growth direction. This is the first observation
of unconfined features and miniband dispersion in this system. Even though our samples have fairly
wide barriers (Lp =~ 100 A), the coupling between wells is an important effect because of the relative-
ly small confinement energies for x =0.12. Using the envelope-function approach, we have calculat-
ed the various transition energies taking into account both strain and quantum-well effects, includ-
ing miniband dispersion. Good agreement with experiment is found for a heavy-hole valence-band
discontinuity of 0.330.05 and L /Lz=(52+3 A)/(105+5 A) (x=0.11£0.01) and
(3243 A)/(95+5 A) (x =0.12+0.01) for the two samples, respectively. The In composition and
well and barrier widths are thus in good agreement with the growth conditions. Although the sym-
metric component of the fundamental light-hole—to—conduction-subband transition is a strong
feature, the small observed amplitude of the antisymmetric component for both samples is evidence
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for the type-II nature of the light-hole—to—conduction-subband transitions.

I. INTRODUCTION

During the past several years there has been consider-
able interest in the strained-layer In, _, Ga, As/GaAs sys-
tem from both fundamental and applied points of
view.!=® Strained-layer heterostructures allow the use of
lattice-mismatched materials without the generation of
misfit dislocations. This freedom from the need for pre-
cise lattice matching widens the choice of compatible ma-
terials and greatly increases the ability to control the
electronic and optical properties of such structures. One
of the most important fundamental questions about this
system is the nature of the band offset. Marzin, Charasse,
and Sermage reported optical-absorption studies of multi-
ple quantum wells (MQW’s) with x =0.15.! They ex-
plained their observations using a heavy-hole valence-
band offset (QFH) of about 0.3. The valence- and
conduction-band offsets Q, and Q, are defined as
Qy=AE,/(AEy+AE;) and Qc=1—0Q,, where AE,
and AE. are the valence- and conduction-band discon-
tinuities at the heterojunction. Such an alignment would
lead to the interesting result that the heavy holes are
confined in the In,Ga,_,As layers (type-I superlattice)
while the light holes are confined in the GaAs region
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(type-II superlattice). The work of Reddy et al.* and Ji et
al.>~7 using various optical methods such as transmission
and photoreflectance are in agreement with the con-
clusion of Marzin, Charasse, and Sermage. However, a
recent study of Menendez et al.® using a light-scattering
method and photoluminescence excitation spectroscopy
contradicts previous experimental results. In their band-
alignment scheme, both heavy and light holes are
confined in the In, Ga, _ As layers.

In order to gain more information about this interest-
ing system we have studied the photoreflectance (PR)
spectra at 300 and 77 K of two [001] In,Ga, _,As/GaAs
(x =0.12) MQW'’s. Our samples have nominal well (L)
and barrier (Lg) widths of (50 A)/(100 A) and (30
A)/(100 A). There is significant coupling between wells
even for the fundamental heavy-hole-to-conduction-
subband transition. This interaction is due to a combina-
tion of relatively small confinement energies and barrier
widths in our materials. This coupling leads to different
transition energies at the mini-Brillouin-zone center (I')
and edge () along the growth direction (miniband
dispersion). We have observed a number of PR features
at both temperatures including symmetry-allowed and
-forbidden transitions, confined and above-barrier
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(unconfined) features, and the influence of the coupling.
The origins of the various spectral features have been
identified by comparison with a theoretical calculation
based on the envelope-function model.’ We find a value
of QP =0.3+0.05 for both samples. In addition, evi-
dence for the type-II nature of the light-hole transition is
deduced from observations related to the symmetry prop-
erties of miniband dispersion transitions in such a super-
lattice. This experiment is the first report of coupling
effects and above-barrier transitions in this system. The
formation of miniband dispersion is an additional degree
of freedom which is of great value in the interpretation of
our results.

II. EXPERIMENTAL DETAILS

In In,Ga,_,As/GaAs MQW samples used in our
study were grown by metal-organic vapor-phase epitaxy
on [001] GaAs substrates.' A 600-A GaAs buffer was
grown on the substrate before the MQW fabrication. The
nominal L, and Ly are (50 A)/(100 A) (sample A) and
(30 A)/(100 A) (sample B). Sample A is lightly doped
with Mg (p ~10'® cm~?) while sample B is undoped.
From the growth conditions the In concentration is
x=~0.12. The PR apparatus has been described in the
literature.!! A 1-mW HeNe laser was used as the pump
beam.

III. THEORETICAL BACKGROUND

When grown on a GaAs buffer the In, Ga,_, As layers
substain a biaxial in-plane compression and a correspond-
ing extension along the [001] growth direction. In gen-
eral, since the GaAs buffer layer is much thicker than the
In,Ga,_, As layers the biaxial strain € is given by

E=(a,,2—a,,,)/a1’1 N (1)

where a@;, and a;, are the lattice constants of the
In,Ga,_,As and GaAs, respectively. The former is ob-
tained by a linear interpolation between the lattice con-
stants of InAs and GaAs.

This strain alters the band structure of the
In,Ga,_,As/GaAs MQW. The strain-dependence con-
duction (C) to heavy- (HH) and light- (LH) hole energy
gaps is thus!?

ESHH —F (In,Ga,_,As)+8Ey, —8E; , (2a)
ESMYM —E (In,Ga,_,As)
+8Ey +8Eg—(8Eg)*/20g+ - - - . (2b)

In Eqgs. (2), E¢(In,Ga, _, As) is the unstrained direct band
gap of the In,Ga,_, As and A, is the spin-orbit splitting.
The quantities 8E (hydrostatic-pressure shift) and 8E
(ut}izaxial stress-induced valence-band splitting) are given
by

SEH—_—za[(C]l—ClZ)/C]l]E Py (33)
8Es=b[(C“+2C12)/C“]E . (3b)

The parameters a and b are the interband hydrostatic
pressure and uniaxial deformation potentials, respective-
ly, and the C;; are elastic-stiffness constants. The light-
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hole valence band has a nonlinear strain dependence be-
cause of the strain-induced coupling with the spin-orbit-
split band.?

Since for our case € <O the effect of the lattice-
mismatch strain is to (1) increase the energy gap of the
In,Ga,_, As (hydrostatic-pressure component), and (2)
split the degeneracy of the valence-band edge at the
center of the Brillouin zone so that the heavy-hole band
moves up and the light-hole band moves down, relative to
the unstressed valence band. Thus, in such a system the
relative positions of the bands in the In,Ga,_, As wells
and the GaAs barriers can lead to two possible
configurations of the superlattice potential as shown in
Fig. 1. In the configuration on the left-hand side the elec-
trons and both the heavy and light holes are confined in
the In, Ga,_, As wells (type-I superlattice). However, in
the configuration on the right-hand side the electrons and
heavy holes are in the In,Ga,_, As region (type I) while
the light holes are confined in the GaAs layers (type II).

The subband energies of the MQW structures were cal-
culated using the envelope-function model’ and the
strain-induced shifts and splittings given above. The
values of the various strain-related parameters used in the
calculation are listed in Table I. A linear interpolation
was used for the In,Ga,_, As values. The energy gaps
and masses employed are given as follows:

Eo(In,Ga,_,As)=E,(GaAs)—1.53x +0.45x? (4a)
at 300 K from Ref. 13,
Ey(In,Ga,_,As)=E,(GaAs)—1.47x +0.375x? (4b)
at 77 K from Ref. 14,

Ag=0.341—-0.09x +0. 14x? (4c)
from Ref. 15,
m¢é&=(0.0665—0.044x )m (5a)
from Ref. 16,
m{y =(0.094—0.062x )m, (5b)
from Ref. 16, and
m iy =(0.45—0.07)m, (5c)
GaAs GaAs
DE¢
InyGa,_xAs
InyGa,_yxAs
H
Wavy . :,, I
v LH

FIG. 1. Possible energy-band configurations in a strained-
layer In,Ga,_,As/GaAs quantum well. In the In,Ga,_,As
layers the top of the valence band is split into heavy- (HH) and
light- (LH) hole bands as a result of the uniaxial component of
the lattice-mismatch strain.
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TABLE 1. The materials parameters used in calculating the stress-dependent band gaps in
In,Ga,_,As.
a; a b Ch Ch
Material (A) eV) (eV) (10'"" dyn/cm?) (10" dyn/cm?)
GaAs 5.6533? —9.8° —1.76 11.88° 5.32°
InAs 6.0584° —5.8° —1.8° 8.33¢ 4.53¢

2Reference 13.

SLandolt-Birnstein, New Series, Group III, edited by K. H. Hellwege (Springer-Verlag, Berlin, 1982),

Vol. 179.
‘Reference 16.

from Ref. 16, where m, is the free-electron mass. The
band alignment was used as an adjustable parameter.
Also, since our barriers are relatively thin (=100 A) cou-
pling effects (miniband dispersion) were taken into ac-
count. We have neglected any temperature or stress
dependence of the masses in the [001] direction.

IV. EXPERIMENTAL RESULTS

Shown by the dotted lines in Figs. 2 and 3 are the ex-
perimental PR spectra at 300 K of samples A and B, re-
spectively. The dotted lines in Figs. 4 and 5 indicate the
experimental PR spectra at 77 K from samples A and B,
respectively. The solid lines in these figures are a least-
squares fit of a line-shape function to the experimental
data. In a later section we will discuss in more detail the
nature of the line-shape function. The obtained energies
of the various transitions are indicated by arrows at the
top of the figures. The feature denoted E;(GaAs) corre-
sponds to the direct band gap of unstrained GaAs and
originates in the GaAs buffer-substrate region of the sam-

ple. Similar observations have been made in previous PR
studies of this system.*” The energy of this feature at 300
and 77 K is used in Eqgs. 4(a) and 4(b), respectively, to cal-
culate Ey(In,Ga; _,As).

The energies of the other structures for samples A and
B, which originate in the MQW structure, are listed in
Tables II and III, respectively. In order to minimize any
possible exciton-binding-energy as well as temperature
effects we also have listed the energies relative to the
lowest-lying feature, which we identify as 11H(I"). The
notation mnH (or L) indicates transitions from the mth
conduction to the nth valence subband of heavy- (H) or
light- (L) hole character. The designation I' (or =)
denotes transitions at the minizone center (I') or edge
().

For both samples there is almost no temperature
dependence of the intersubband energies relative to
11H (). This indicates that the major effect of the tem-
perature is to shift the band gaps of the well (and barrier)
material. Thus the temperature dependence of the
effective masses plays a minor role. The transitions above
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— |13H(M)
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FIG. 2. Photoreflectance spectrum (dotted lines) of an Ing ;,Gag goAs/GaAs coupled multiple quantum well (sample A) at 300 K.
The solid line is a line-shape fit as discussed in the text.

1.40 .60



3378

S. H. PAN et al.

4.0

IHH(M)
HL(P),HH(r)

~—— Eo(GaAs)

Ing 2000 ggAS/GaAs (sample B)

— 2IH(M)
— 22H(M
+—— 33H(M

Photoreflectance 300K

ccee Expt.
— Fit

1.40

50 60

Energy (eV)

FIG. 3. Photoreflectance spectrum (dotted lines) of an In, ;;Ga, ggAs/GaAs coupled multiple quantum well (sample B) at 300 K.

The solid line is a line-shape fit as discussed in the text.

Ey(GaAs) can clearly be identified as unconfined and
occur below the blank lines in Tables II and III.

With regard to the line-shape fit, Shanabrook, Glem-
bocki, and Beard have shown that for uncoupled wells
PR yields the first derivative of a Gaussian (or Lorentzi-
an) line-shape function.!” This is related to the large exci-
ton binding energies in these structures. However, for

coupled wells in which tunneling can occur the situation
is different since the electron and/or holes can be ac-
celerated by the modulating electric field. This leads to
the Aspnes third-derivative functional form'® for the line
shape as demonstrated by a recent experiment comparing
PR and thermoreflectance (a first-derivative spectrosco-
py) line shapes for coupled wells.!® However, for the

5.0

Eo(GaAs)
—— 22H(m)

10* AR/R

«—— 2IL(m)

Ing 1 Gag geAS/GaAs (sample A)

— 23H(M)

-35.0
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— Fit
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FIG. 4. Photoreflectance spectrum (dotted lines) of an In, ;;Gag g9As/GaAs coupled multiple quantum well (sample A) at 77 K.

The solid line is a line-shape fit as discussed in the text.
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FIG. 5. Photoreflectance spectrum (dotted lines) of an Ing ;,Gay ggAs/GaAs coupled multiple quantum well (sample B) at 77 K.

The solid line is a line-shape fit as discussed in the text.

large number of closely spaced structures observed in our
experiment it is not possible to differentiate between vari-
ous line-shape functions. The fit in Figs. 2-5 is for the
third-derivative functional form. A first-derivative func-
tional form yields a comparable fit. The energy positions
of the various spectral features are relatively insensitive
to the particularly derivative form of the line-shape fit.!”

V. DISCUSSION OF RESULTS

In order to identify the origins of the various observed
PR features we have performed a theoretical calculation
based on the envelope-function approach.’ In addition to
energy considerations we have also employed intensity

effects (i.e., wave-function overlap) to correlate the spec-
tral features with intersubband transitions. Listed in
Tables II and III are the theoretical values of the transi-
tion energies for samples A and B, respectively. For the
temperature dependence of the various transitions we
have taken into account only the temperature depen-
dence of E,(In,Ga,_,As) and have neglected variations
of effective mass with temperature. For sample A the
best overall agreement was obtained for x =0.1110.01,
L,=52+3 A, Lp=105£5 A, and a heavy-hole valence-
band offset of 0.30+0.05. For sample B the best fit was
found for x=0.12+0.01, L,=32%3 A, Lg=95%£5 A,
and a heavy-hole valence-band offset of 0.30+0.05.

Our calculations show that for sample A the strongest

TABLE II. Experimental and theoretical values at 300 and 77 K of the energies of the various features of an Ing ;;Gag ggAs/GaAs

coupled multiple quantum well (sample A).

To minimize exciton and temperature effects, the energies relative to the lowest- lymg

transition, 11H (T), also are listed. The first five features are unconfined. The best theoretical results are obtained for L, =52+3 A,

Lp=105%5 A,and a heavy-hole valence-band offset of 0.30+0.05.

Spectral Experiment Theory
Features
300 K 77 K 300 K 77 K
E E—E[11H(I')] E E —E[11H(I')] E E—E[11H(ID)] E E—E[11H(T)]
(meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV)

11H(T) 1358+2 0 1448+1 0 1363 0 1453 0
11H () 1368+2 10+4 1459+1 11+2 1371 8 1461 8
11L(T) 1379+3 215 1469+2 2143 1388 25 1478 25
13H(T') 1392+3 34+5 1481+2 33+3 1393 30 1483 30
11L () 140515 4717 1493+4 455 1407 44 1497 44
22H () 1439+3 81+5 1527+2 79+3 1438 75 1528 75
21L () 1455+4 97+6 1546x3 98+4 1454 91 1544 91
23H(I') 14764 118+6 1565+3 117+4 1490 127 1580 127
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TABLE III. Experimental and theoretical values at 300 and 77 K of the energies of the various features of an Ing ;,Gag gsAs/GaAs
coupled multiple quantum well (sample B). To minimize exciton and temperature effects the energies relative to the lowest-lying
transition, 11H (T"), also are listed. The first four features are unconfined transitions. The best theoretical results are obtained for
L;=32+3 AL g =95%5 Aanda heavy-hole valence-band offset of 0.30+0.05.

Spectral Experiment Theory
Feature
300 K 77 K 300 K 77 K
E E—E[11H(T)] E E—E[11H(T)] E E—E[11H(IN)] E E—E[11H(IN)]
(meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV)

11H(T) 137213 0 145312 1376 0 1457 0
11L(T) 1397 21 1478 21
11H () 1389+5 17£8 147314 20+6 1397 21 1478 21
12H(T") 148712 33+4 1409 33 1490 33
22H () 1446t6 7419 153243 79+5 1458 82 1539 82
21L (1) 15513 98+t5 1478 102 1559 102
21H(T) 1499+6 12719 1582+4 12916 1507 131 1588 131
22H(T) 1528+3 156+6 1616£5 1637 1540 164 1621 164
33H(T) 1560+6 188+9 164614 193+6 1566 190 1647 190

below-barrier features are the “symmetry-allowed” tran-
sition 11H(T"), 11H(7), and 11L(T"), all of comparable
magnitude. The ‘“symmetry-forbidden” transition
13H(T') as well as 11L () should be quite weak. The
above-barrier transitions 22H (), 21L (), and 23H(L)
have the strongest overlap matrix elements in this energy
range. For sample B all the features except 12H(I") (ob-
served at 77 K only) and 21H(T") have strong overlap
matrix elements.

The symmetry properties of transitions whose energy is
near or above the barrier are more complicated in rela-
tion to deeply confined features. The wave functions of
deeply confined states do not penetrate into the barrier,
i.e., there is a node at the well/barrier interface. Thus
the selection rule m =n is applicable because of the rela-
tively simple relationship between the number of nodes of
the wave function in the well and the energy of that state.
However, for the former states there may be considerable
penetration of the wave function into the barrier region.
Additional nodes may appear in the barrier and hence the
parities of the states (with respect to the center of the
well) do not alternate. As a consequence, these states no
longer make a ladder in energy with respect to the previ-
ous one.?’~22 Therefore, in order to identify the strong-
est near- and above-barrier transitions a detailed calcula-
tion of matrix elements (overlap integrals) must be per-
formed. Both the tight-binding and envelope-function
models have proven to be valid for such evaluations.?* =22

In general, there is very good agreement between the
experimentally observed energies and our envelope-
function calculation, as can be seen in Tables II and III.
For the 11H(T") transition there is about a 4-5 meV
difference, which may be due to exciton effects. For un-
coupled states the exciton binding energy should be about
10 meV for In,Ga,_,As (x=0.12) with such narrow
wells.>?* However, the coupling probably reduces this
value. Therefore 4—5 meV is quite reasonable for the ex-
citon binding energy in such strongly coupled states.
Note, that for the energies relative to 11H(I") there is ex-
cellent agreement between theory and experiment.

For sample B the strongest below-barrier feature at
both 300 and 77 K is 11L(T"),11H (), i.e., there is an ac-
cidental degeneracy of these two transitions. For sample
A, because of the larger L,, the transition 11H(7) lies
below 11L(I") and they are clearly resolved at both tem-
peratures. This degeneracy in sample B is an important
clue to the band offset. Plotted in Fig. 6 are the energies
of 11H(T), 11H(w), and 11L(I') as a function of
conduction-band offset, Q., for the physical parameters
of sample B (x=0.12+0.01, L,=32%+3 ;\, and
Lg=95%5 A). Note that for Qc=0.7 the transitions
11H () and 11L(T") are degenerate. Thus QF'H=0.3 for
this value of Q.

We now turn our attention to the 11L(s) transitions.
It can be demonstrated, from both symmetry arguments
as well as a detailed matrix-element (wave-function over-
lap) calculation, that if the light holes are confined in the
GaAs region, 11L(s) should be a very weak feature.

1410
HL(M)
1400}
3 )
g iz90F W@
§ 1380} Ing 12Gag ggAs/GaAs
& Sample B
1370}
\\\*\\V\
1360 l 1 , |

0.3 0.4 0.5 0.6 07 0.8
Conduction-Band Offset Q¢

FIG. 6. Theoretical values of the energies of 11H(I),

11H (), and 11L(T) for an Ingy ,Gag ggAs/GaAs coupled mul-

tipole quantum well (sample B) as a function of conduction-
band-offset parameter, Q¢ (=1—Qy).
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This transition corresponds to the antisymmetric com-
ponent of the splitting caused by the coupling, while
11L(T) is related to the symmetric component. It can
also be shown that even for a type-II configuration
11L(T) is still fairly strong. These considerations are
certainly consistent with our observation for sample B, in
which we do not observe 11L(7), which should occur
about 60 meV above 11H(TI'). Note that there is no
feature in this energy range in Fig. 3 or 5. For sample A
we apparently do observe 11L (), but it is difficult to
determine its amplitude since it occurs on the low-energy
side of Ey(GaAs). It has been demonstrated that there
are often considerable interference effects on the low-
energy shoulders of features originating from the barrier
and/or substrate.!”?* This complicates the evaluation of
the amplitude of 11L(7) for sample A. However, the sit-
vation of sample B is clear. The fact that we can clearly
observe 11L(T") for sample A demonstrates that “spatial-
ly indirect” transitions can be observed in modulated
reflectivity, as first pointed out in Refs. 4 and 7.

We now turn our attention to the question of the band
lineups at the In,Ga,_,As/GaAs heterojunction. For
strained-layer systems a convenient quantity is the aver-
age valence-band edge E}" given by

Ey=NEM+EM+EP), (6a)

where ES° is the spin-orbit-split valence band. The pa-
rameter E}" is useful because it is independent of the uni-
axial component of the strain. Thus, we can define

AEY =E}(In,Ga,_,As)—E}'(GaAs) . (6b)

Based on our result of @} =0.3+0.05 for samples with
x=~0.12, we find that a linear extrapolation to x =1
yields AE}'=0.110.1 eV for the InAs/GaAs interface.
Menendez et al. report AE}'=0.49+10.10 eV extrapolat-
ed to the InAs-GaAs system.'® A similar value for the
band lineup also has been deduced from measurements
on In,Ga,_, As/GaAs bipolar structures.?> There have
been several theoretical calculations of the band lineup of
this system. Using a self-consistent calculation, including
strain effects, Van de Walle finds AE}'=0.37 for the
[001] InAs/GaAs interface.?® Using midgap theories
Tersoff?’ obtains 0.0 eV, while Cardona and Christensen?®
find AE}'=—0.15 eV. These values should be corrected
for the hydrostatic-pressure component of the strain.
However, this effect should be quite small.?® As pointed
out in Ref. 26 the above value is based on a preliminary
calculation for the [001] interface. The author notes that
a full study should really include a determination of the
stable structure by minimization of the total energy with
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respect to the atomic positions near the interface. Van de
Walle has assumed that the InAs and GaAs bond lengths
at the interface are equal and given by the average of the
bond lengths in each material (one of which is strained).
It turns out that the band lineups are fairly sensitive to
the choice of this parameter; changing the position of the
As atom by 0.1 A in the [001] direction can shift the line-
ups by as much as 0.3 eV.

Thus, the question of the band lineup in this system
has not yet been resolved, either experimentally or
theoretically. Based on Van de Walle’s result concerning
the sensitivity of AE}" to the position of the As atom, it
may be that samples grown under slightly different
growth conditions could have different AE}". Certainly
more work needs to be done, particularly if several
different experiments (PR, light scattering, electrical)
could be done on the same sample.

VI. SUMMARY

We have performed PR on two [001]
In,Ga,_,As/GaAs strained-layer, coupled MQW’s. We
have observed a number of features corresponding to
miniband dispersion of both confined and unconfined
states. Comparison of the experimental intersubband en-
ergies with an envelope-function calculation yields
x=0.11£0.01, L,=52%3 A, and Lp=105%£5 A for
sample A and x=0.12%+0.01, L,=32%3 A, and
Lp=95+5 A for sample B. These physical parameters
are in good agreement with those deduced from the
growth conditions. For both samples we find a heavy-
hole valence-band-offset parameter of 0.3+0.05. This
value is consistent with several other optical studies, but
is in disagreement with a recent evaluation using a light-
scattering technique. Comparison between our experi-
mental value and several theoretical calculations has been
made.
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