PHYSICAL REVIEW B

VOLUME 40, NUMBER 14

RAPID COMMUNICATIONS

15 NOVEMBER 1989-1

Excitonic transitions in strained-layer In, Ga, —  As/GaAs quantum wells
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A study of the excitonic transitions in pseudomorphic quantum wells of In.Ga;—xAs grown on
GaAs substrates is presented. The experimental data obtained by photoluminescence excitation
and absorption techniques agree very well with our theoretical model. The model is based on
phenomenological deformation potential theory and includes band nonparabolicity and valence-
band-mixing terms. The same model, without any adjustable parameters, was also applied suc-

cessfully to the InyGa;-xAs/InP system before.

Strained-layer superlattices (SLS) and quantum wells
(SLQW) have recently been the subject of great interest
in both theory! ~!° and experiment.'®~2* Particular at-
tention was paid to carriers’ confined levels and optical
transitions between them. The In,Ga;-,As/GaAs ma-
terial system, in particular, has been intensively studied,
mainly due to its technological importance. Though
numerous papers have been written on the excitonic tran-
sitions in this system, the assignment of the observed opti-
cal transitions is still debated. Many of these studies
present attempts to fit the data with adjustable parame-
ters that have no physical significance. As a result com-
parison with other well studied material systems cannot be
done, and a better understanding of basic problems such
as band alignment under lattice mismatch strain is not
gained.

Here we present an experimental optical study of four
very well-characterized strained-layer multiquantum-well
samples. The observed excitonic transitions are assigned
using an effective mass model which takes into account
both strain and nonparabolicity. For the first time no ad-
justable parameters are used to explain the observed tran-
sitions. The agreement with the experiment is very good.
In particular, we show that for light holes the system
behaves like a type-II superlattice, namely, while electron
and heavy holes are confined to the strained In,Ga; - As
well, light holes are weakly confined to the GaAs barriers.
The model successfully assigns all the observed excitonic
transitions for a wide range of strain, quantum sizes, and

" transition orders. This is even more convincing, since the
same model and input parameters are in very good agree-
ment with all the observed optical transitions in the
In,Ga,; - ,As/InP system as well.?!

The In,Ga;-,As/GaAs strained-layer multiquantum-
well samples were grown in an atmospheric pressure
metal-organic-vapor-phase-epitaxial (MOVPE) system
previously described.?* They were grown on a (100)-
oriented GaAs substrate followed by 0.5-um-thick un-
doped GaAs buffer layer. The samples consist of 20
periods of strained In,Ga; —xAs quantum wells, separated
by ~200-A thick GaAs barriers. Well widths varied
from ~50 to ~250 A in different samples. The InAs
mole fraction was varied from x=6% to 24%. The
growth sequence ended with the last GaAs barrier to
grow.
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Well dimensions and strain components parallel to the
growth direction were determined by fitting the satellite
pattern in the (400) high-resolution x-ray-diffraction
(HRXRD) rocking curves with a kinematic step-model
simulation described previously.?> Dimensions and sam-
ple quality were also verified using cross-section transmis-
sion electron microscope (TEM). The agreement between
both techniques was good. Thus we estimate that the
maximum experimental uncertainty in the quantum-well
widths is =6 A, and the InAs mole fraction is determined
to within 1%. One sample (12% InAs, 245-A quantum
well) is far over the critical layer thickness for this con-
centration [~150 A (Ref. 26)]. Indeed, in the TEM pic-
ture, dislocations were seen in the interface between the
first quantum well and the buffer layer. No misfit disloca-
tions are observed in the rest of the interfaces. We thus
believe that the entire periodic structure maintain an equi-
librium in plane lattice constant, which is slightly different
from that of the GaAs. The difference is estimated from
the measured density of dislocations?’ (~3x10* cm ~!).
Its value (0.02%) is so small, that it cannot be detected by
the HRXRD measurements and it would not affect the
model discussed below.

For the photoluminescence-excitation (PLE) measure-
ments, the as-grown samples were placed in a He flow cry-
ostat. Light from a tungsten lamp was dispersed by a
0.64-m monochromator and used as a continuously tun-
able source of excitation. The photoluminescence (PL)
was monitored by a second 0.64-m monochromator fol-
lowed by a liquid-nitrogen cooled germanium detector.
The spectra were corrected later for the system response.
Figure 1 presents the PLE spectra (solid lines) and PL
spectra (dashed lines) of the samples. The bars indicate
excitonic transition energies calculated using the model
described below. The PL lines are due to the excitonic
recombination of electrons and heavy holes from the n =1
subband levels. The lines are shifted down in energy from
the same lines observed in the PLE spectra. This energy
shift (also known as *“Stokes shift””) as well as the line
narrowing of the PL spectra relative to the corresponding
PLE lines, can be explained in terms of recombination
processes which involve excitons bound to potential fluc-
tuations in the ternary quantum wells. Similar behavior
was observed and discussed for quantum wells of
In,Ga;-,As grown on InP.?® Potential fluctuations
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FIG. 1. Low-temperature PL (dashed lines) and PLE (solid
lines) spectra of four strained-layer In,Ga;-,As/GaAs multi-
quantum-well samples. Vertical bars indicate calculated exci-
tonic transitions. The first number above the bar refers to the
conduction-band sublevel, the second to the valence-band sub-
level, and the letter H (L) indicates that this is a heavy- (light-)
hole subband.

within the ternary quantum wells contribute also to the
energy width of the excitonic transitions which are ob-
served in the PLE spectra of all the samples in Fig. 1. The
excitonic features are much wider than those observed in
binary %uantum wells of GaAs in the GaAs/Ga; —,Al,As
system.?’ This phenomenon of inhomogeneous line
broadening is very well known in bulk ternary crystals.°
It manifests itself in a similar way in ternary quantum
wells as well. Since these potential fluctuations are intrin-
sic to In,Ga; -, As quantum wells, it is difficult to saturate
the luminescence from them by increasing the excitation
density. Indeed the PL line energies were found to be in-
dependent of excitation density up to ~10 kW/cm? This,
however, cannot be used as an indication that the PL lines
originate from free exciton recombination.?* At very low
excitation densities additional lower-energy lines in the
PL spectra are observed (Fig. 1, 9% and 12% samples).
We attribute these lines to excitonic recombination associ-
ated with extrinsic defects in the material. The lines satu-
rate easily with increasing excitation density.

Another dissimilarity between this material system and
the GaAs/Ga; -, Al,As one, is the absence of light holes
to electron excitonic transitions, as can be seen in Fig. 1.
In the following we argue that this is due to the strain in-
duced energy bands alignment which is unique to this sys-
tem. As a result, light holes are confined in the GaAs bar-
riers so that the spatial overlap between their wave func-
tions and the electrons’ wave functions are small. The cal-
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culated energies for these n =1 spatially indirect transi-
tions are also marked in Fig. 1 by vertical bars below the
PLE curves. Note that only one spectral feature, namely
the shoulder below the 22H transition of the x =24% sam-
ple can be explained this way.

The theoretical model, which assigns the observed tran-
sitions in Fig. 1, was used by us before to assign the ob-
served transitions in strained-layer quantum wells of
In,Ga; —xAs grown on InP.?!' Thus, we only briefly re-
view it here.

Commensurate growth of strained In,Ga,—,As layers
on (100)-oriented GaAs substrate results in a biaxial
compressive strain in the layer plane. The only nonvan-
ishing components of the strain tensor are the diagonal
ones. They obey the following relations:

Exx ™€y =€, (1a)
€= —[2C1(x)/Ci(x)]ey=e, (1)
e1=lacaas—a(x)/a(x), (1c)
er=a./a(x). (1d)

In Egs. (1), Z was chosen along the growth direction, Cj;
are the components of the elastic stiffness tensor, agaas is
the GaAs lattice constant and a(x) is the unstrained lat-
tice constant of the ternary In,Ga, —xAs. a, is the layer
lattice constant in the growth direction., _

Since a, can be determined directly from the HRXRD
measurement, Eq. (1) is used to determine the exact com-
position (x) and the strain in the In,Ga; —,As quantum-
well layer. In doing so we use linear interpolation between
the known values of the binary parents’ stiffness tensor
components and lattice constants, to obtain those of the
ternary. Band gaps of the relaxed In,Ga, —,As are calcu-
lated using a parabolic interpolation between the known
band gaps of InAs, GaAs, and Ings3GagssAs lattice
matched to InP. Valence-band offsets between relaxed
In,Ga; -xAs and GaAs are calculated using a linear inter-
polation between 0 (GaAs/GaAs) and 0.07 eV (InAs/
GaAs). The last point is taken from a recent compilation
of experimental x-ray photoemission spectroscopy (XPS)
data.’! Though the uncertainty in this value is quite large
(~0.1 eV), no better determination is available. This
procedure that we have first suggested to use for the
In,Ga, -, As/InP system '3 is now shown to be valid. !5!8
It also gains support from the more recent model-solid
theory.® Finally, band gaps, hydrostatic, and shear defor-
mation potentials are linearly interpolated from those of
the binary parents and strain-induced corrections to the
ternary band-edge energies are calculated using phenome-
nological deformation potential theory [Egs. (2)-(4) of
Ref. 211.

In Fig. 2 we display the calculated band-edge energies
for strained In,Ga; —,As relative to the valence band of
the GaAs substrate. For comparison with the experiment,
the observed lowest optical transitions, corrected for the
quantum size effect, are also shown (solid arrows). As
can be seen in the figure, for the x < 0.6 region, the light-
hole valence band of the strained In,Ga; —,As layer falls
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FIG. 2. Calculated band energies for strained layers of
InyGa;-xAs grown on (100) GaAs as a function of x. Energy is
measured relative to the GaAs valence band. Measured optical
transitions, corrected for the quantum size effect are shown
(vertical arrows) for comparison.

below the GaAs degenerate valence band. Thus for light
holes the system behaves like a type-II superlattice. This
is in agreement with previous works,!"?° but in clear con-
tradiction with the conclusions of Menendez et al. ' It is
also important to point out that the observed excitonic
transitions cannot be successfully fitted using a constant
band offset ratio. Such fits, which have no physical
justification, were attempted in the past by a few
groups.'>'"2° It is clear from Fig. 2 that such a ratio
(usually defined as Q. =AE./AE,) must be composition
(x) dependent. As such it does not contribute anything to
our understanding. Heterostructure systems are charac-
terized well by the valence-band offset. For III-V ternary
alloys the last seems to follow linear dependence on com-
position. %1521 Since the band gap of those ternaries is
known to follow nonlinear dependence on the composition
(bowing), there is no reason whatsoever to expect that the
band offset ratio (Q.) will be composition independent.

For the sake of comparison between our work and pre-
vious fits we note that for small enough InAs mole frac-
tion (x <0.15) one can approximate both the heavy-hole
valence band and the conduction band as linearly depen-
dent on x. For this case we found that
Q.(x <0.15) =0.77. This value agrees with few previous
fits 152023 put disagrees with Ref. 19.

In order to calculate the carriers’ subband energies due
to the quantum size effect, we have solved numerically the
finite quantum-well problem for each carrier separately,
using band edges from Fig. 2. Zone center masses are
linearly interpolated from the binary values (all input pa-
rameters are listed and referenced in Table I of Ref. 21),
and strain corrections to light holes due to mixing with the
split-off band are introduced.?? Band nonparabolicity is
taken into account through the energy dependence of the
effective mass. This dependency, in turn, is given implicit-
ly by the Kane model dispersion relations, which we apply
to the corrected band edges.?' Finally, the exciton bind-
ing energy is calculated using a two-dimensional hydro-
genlike model. This term is usually less than the experi-
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mental linewidth, so that a more delicate treatment is un-
necessary.

As can be seen in Fig. 1, our model gives good assign-
ments to all the observed excitonic resonances to allowed
heavy-hole electron transitions. One spectral feature,
namely the shoulder below the 22H transition of the
x =24% sample is energetically assigned to the GaAs light
hole, In,Ga; —,As electron transition. Similar features
have been reported also by others. 12> We used our mod-
el to calculate the overlap integral between the two spa-
tially separated wave functions. Due to the small poten-
tial step and the small mass of the light hole, it is indeed
only slightly confined within the barriers, and the overlap
amounts to ~20%. Thus, the optical transition is not for-
bidden but one should not expect excitonic resonance,
similar in appearance to transitions associated with heavy
holes.

Finally, in order to confirm our assignments, we have
measured the room-temperature polarized transmission
and photocurrent spectra of all the samples. Polarized
light was launched into cleaved facet of 2-mm-long sam-
ple by a x50 microscope objective and was gathered in
the same way from the other cleaved side. In order to
avoid waveguiding effects which favor transmission of
light polarized parallel to the growth direction (TM), the
transmission is normalized to 100% at some low energy,
below the last exciton transition. (The photocurrent spec-
tra were also obtained under the same conditions.) In Fig.
3 we display both the photocurrent and transmission spec-
tra of the x =24% sample. The TE polarized spectrum is
represented by a solid line and the TM by a dashed line.
The three excitonic transitions which are observed in the
low-temperature PLE spectra are also observed here. The
absorption which is preferably polarized in the quantum-
well plane (TE), confirms that the transitions are associat-
ed with heavy-hole states. 3

In summary, we present a study of excitonic transitions
in pseudomorphic quantum wells of In,Ga;—,As/GaAs.
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FIG. 3. Room-temperature polarized transmission and photo-
current spectra of the x =24% sample. Solid (dashed) lines rep-
resent light polarized perpendicular (parallel) to the direction of
growth—TE (TM). Vertical bars indicate excitonic transitions.
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We have investigated a set of very well-characterized
samples, chosen to cover a wide range of biaxial strain.
Experimental exciton energies are compared with a model
based on phenomenological deformation potential and
elastic theories. The model which includes nonlinear
terms in strain and band nonparabolicity, accounts very
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well for all the observed transitions. The same model with
the same input parameters, none of them adjustable, also
explains all the observed transitions in quantum wells of
strained In,Ga;-,As grown on InP. In particular, we
have established that for x < 0.25 light holes are weakly
confined within the GaAs barriers.
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