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Optical transitions with energies higher than that of the GaAs band gap in highly strained
In,Ga,-,As/GaAs multiple—quantum-well structures have been observed in photoreflectance spec-
tra. In some samples as many as seven such structures were present. We identify them as transi-
tions between the unconfined electron states and the confined heavy-hole states. For energies below
the GaAs signal, intense transitions corresponding to such unconfined electron subbands were also
observed. The intensity of the transitions involving unconfined electron subbands decreases with in-
creasing well width, but is weakly dependent on the mole fraction x. The transmission coefficients
are calculated in order to locate the positions of the unconfined electron subband energies. Good
agreement is obtained between the experimental data and the theoretical calculation.

I. INTRODUCTION

In quantum-well structures the quantized electron
states confined in the quantum-well region have been ex-
tensively studied. But transitions from the unconfined
states have not yet received as much attention.
Unconfined transitions have already been observed in
Al,Ga,;_,As/GaAs multiple—quantum-well structures
(MQWS).!™? The intensity of the transition involving
the first unconfined conduction-band states and the first
heavy-hole valence states was reported to depend strong-
ly on the barrier width.? The energies of the transitions
involving the unconfined states can be predicted by a
two-band tight-binding model,*> with good agreement
resulting between experiments and theory.

Recently, advances in crystal-growth techniques have
allowed the extension of Al ,Ga,_,As/GaAs superlat-
tices to the lattice-mismatched materials such as
In,Ga,_,As/GaAs,*’ GaAs,_,P,/GaAs,® and
GaAs,_,Sb,/GaAs.*'® The remarkable progress in
modulation-doped field-effect transistors using
In, Ga,_,As/GaAs heterostructures has brought a great
deal of attention to the In,Ga,_,As/GaAs system.'!
The band structure of In,Ga,;_,As/GaAs has been in-
vestigated by various optical techniques such as photo-
luminescence, !>!3  transmission spectroscopy,'* and
photoreflectance (PR).'> PR technique is preferred in
many cases because of its simplicity and ability to provide
detailed information at room temperature. Besides PR
has the additional advantage in that it has better sensi-
tivity than other optical measurements, particularly for
higher-order transitions. Both allowed and symmetry
forbidden transitions can be observed.!>!® All of these
encourage one to use this valuable technique for a de-
tailed investigation of such an important In Ga,_,As/
GaAs material system.

In this study we report the observation of the PR sig-
nal with energy higher than that of the GaAs barrier.
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These features are attributed to the transitions between
the unconfined conduction subbands and the confined
valence subband in In,Ga,;_,As/GaAs MQWS. As
many as seven transitions above the GaAs signal were ob-
served and have been assigned to unconfined states.
Some transitions with energies less than the GaAs energy
gap are also identified as being due to unconfined states.
Good agreement between theoretical calculations and
measurements confirms our identification and also proves
that the calculation of the transmission coefficient which
is what we utilized, is an effective way to predict the posi-
tions of the unconfined states.

II. EXPERIMENTAL DETAILS

The samples studied were grown by molecular-beam
epitaxy on a Si-doped GaAs substrate. We have grown
two sets of In ,Ga,_,As/GaAs samples. Group A has
two samples, 1 ar}d 2, which have the different wg]l
widths (42 and 81 A) but the same barrier width (200 A)
and high InAs mole fractions (~0.25). Group B has
three samples 3, 4, and 5, which also have the different
well widths 585, 159, and 213 A) and the same barrier
width (200 A) and low InAs mole fraction (x =0.15).
(We call the In, _ ,Ga, As layer as well and the GaAs lay-
er barriers, which is only for electron and heavy hole, but
not light hole.) The sample parameters were listed in
Table I. The low-temperature optical transmission spec-
tra for group B were reported in our previous study. !’

The PR spectra were measured at room temperature
(300 K). The experimental arrangement of the PR tech-
nique was discussed in detail by Shay,!® and therefore,
will not be repeated here. In our experiment, a 1-mW
HeNe laser, mechanically chopped at 90 Hz, was used to
modulate the optical constants of the MQW?’s structures.
The reflected light was detected by an EG&G type
HUV-1100 (BG)-Si photodiode. The intensity of the laser
pump beam, the probe beam, and the recording system
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were set at the same condition when measuring the
different samples for a qualitative comparison of the in-
tensity of PR signals.

III. THEORETICAL CONSIDERATION *

In, Ga,_,As layers, grown on a GaAs buffer, sustain
biaxial in-plane compression and corresponding along the
(001) growth direction. For samples with small InAs
mole fraction, x, and with relatively small In,Ga,_, As
layer thickness, the lattice mismatch between the
In,Ga,_,As and GaAs layers is believed to be entirely
accommodated by the tegtragonal elastic deformation of
the In,Ga,;_,As layers. The band structure including
strain effects should be considered in calculating the sub-
band energies, for both confined and unconfined electron
states. As shown in our previous study the strain depen-
dent Kane’s eight-band k-p model is sufficient to describe
the subband transitions.!” Interested readers may refer
to the work of P&tz et al.'>? for a generalization of
Kane’s eight-band k-p model including remote-band
effects, band nonparabolicity, and strain effects in the
second-order perturbation theory.

To determine the subband structure, we first calculated
the energies for confined states. The details of the calcu-
lation can be found in our previous work.!” The material
parameters used in this study can be found in Table I of
Ref. 17. For the In,Ga,_,As/GaAs system the valence-
band discontinuity (for heavy hole) is taken to be 30%
from our previous study using the optical transmission (4
K) studies.!” The unstrained band gap of bulk

Y(x)= Ae*™+Be " m=m, for x <a
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FIG. 1. Rectangular barrier between x =a and x =a +b,
with barrier height V. A particle having energy E is injected
from left, partially reflected and partially passed. The effective
mass is m outside the barrier and m, inside the barrier.

In,Ga,_,As is used as an input parameter to calculate
the In,Ga,_,As/GaAs subband energies. Only the I'
band is considered.

The unconfined electron subband energies are deter-
mined by the calculation of the transmission coefficient.
We first consider a rectangular barrier between x =a and
x =a +b with height ¥V as shown in Fig. 1. This treat-
ment is then extended to account for multiple barriers.
In different regions the effective masses are assumed to be
different as m, and m,, respectively. The solutions of the
Schrodinger equation in the three regions are given as

@(x)= {Yy(x)=Ce *+De™, m =m, fora<x=<b-+a (1b)

Yy x)=Fe™**+Ge ™" m=m, for x>a+b,

where

. 2, E 172
= |

and

2my(E—V) |

ﬁ2

q=

The wave function and particle current density should be
continuous across the interface at x =a and x =a +b,
i.e.,

cos(qb)~i§sin(qb)\e”‘b 5
l_;lsin(qb)eik(b +2a)

— —lllsm(qb)e —ik (b +2a)

(1c)
[
Yi(a)=1yyla),
1 iy __ 1 dyn (2a)
my dx | _. my dx | _.~
Ynla +b)=¢yla +b),
1 diy __1 diu (2b)
m, dx x=a+b M1 dx x=a+b
From Egs. (1) and (2), we obtain
Al _ |F
where
(3b)

cos(qb)+i§sin<qb) e ik
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and
_gm km
km, qm,
g™ _ k™M
n k m, q m,

The transmission coefficient T is given by

F

A

__ 1
|y, 2

T= 4)

For a potential with arbitrary shape the total potential is
divided into a series of rectangular barriers. The above-
mentioned method is extended to the case of multiple
barriers. For the ith barrier having a barrier height V;,
effective mass m;, and width b;, a transform matrix M; is
obtained from Eq. (3b). The final transform matrix
M =T]];M; and the final transmission coefficient T can be
obtained from Eq. (4).

In order to obtain the transition energies between sub-
bands from the PR spectra, the third-derivative function-
al form (TDFF) (Ref. 21) was used to fit experimental re-
sults:

AR

& —Re ECe *UE —E,+iT,) ™ |, (5)

Jj=1

where C;,, ®;, E;j,and T'; are the amplitude, phase, tran-
sition energy, and broadening parameter of the jth struc-
ture, respectively. In this study we did not attempt to an-
alyze the PR line shape. Although many results have
been published with regard to the PR line shape,?? 2 the
details are still remaining to be understood. The main
problem is that the mechanism of PR, i.e., how the band
structure of a quantum well is modulated by the incident
laser, is still not well understood. Thus, all of the fitting
procedure, either first derivative or third derivative are
only phenomenological. This situation becomes worse by
the observed interference effects originating from
substrate-barrier-cap layer in PR spectra as reported by
Zheng et al.?®> However, as being demonstrated by
Shanabrook et al.?? and Pan et al.,?® first- and third-
derivative functional forms yield a comparable fit. The
energy positions of the various spectral features are rela-
tively insensitive to the particularly derivative form of
the line-shape fit. In addition, the three-dimensional (3D)
properties (large dispersion in growth direction) of the
unconfined electron subbands distinquish them from the
confined states. For above reasons, we believe that the
energies obtained from the fitting of the TDFF should be
appropriate at least for the energies associated with
unconfined electron subbands. ??

IV. RESULTS AND DISCUSSION

In Fig. 2, we present the PR spectra for samples 1 and
2. The solid arrows indicate the transition energies ob-
tained from the theoretical calculation as discussed in the
preceding section. The dashed arrows give the observed
energies derived from the fitting of TDFF [Eq. (5)] to the
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FIG. 2. PR spectra for In,Ga,_,As/GaAs MWQS at
T=300 K: (a) sample 1, L, =42 A, L, =200 A, x =0.256; (b)
sample 2, L, =81 A, Ly=200 A, x =0.236. The solid arrows
indicate the transition energies obtained from the theoretical
calculation as discussed in the text. The dashed arrows give the
observed energies derived from the fitting of TDFF [Eq. (5)] to
the experimentally recorded PR spectra.

experimentally recorded PR spectra. The assignments of
the various transitions are based on the energy compar-
ison between the theory and experiment, where
nC-mH (nC-mL) denotes the transition between nth
conduction subband and mth heavy- (light-) hole valence
subband. In addition to the PR signal from the MQWS,
a strong feature corresponding to the GaAs band gap,
presumably due to the GaAs buffer, is also observable.
Obviously, the features with energies higher than the
GaAs band gap should be associated with subbands hav-
ing energies higher than the barrier, which are known as
the unconfined states.

It is well known that the excitonic resonance is dom-
inant in optical absorption even at room temperature for
type-I MQWS due to the confinement of electrons and
holes in the same space layer. The excitonic transition
are also very important in PR spectra as well. However
for type-II. MQWS, such as the light hole in the
In,Ga,_,As/GaAs system, the electrons and light holes
are confined in different space layers. Thus, the excitonic
absorption is no longer important due to the relatively
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large electron-hole separation, and possible interfacial
imperfections. For unconfined states, the electrons (or
holes) are no longer two dimensional and associated wave
functions are extended, or 3D-like. Similar to bulk GaAs
at room temperature, we expect that for the transitions
associated with unconfined states the excitonic effect will
not be important. Based on the above arguments, the ex-
citon binding energy E, was included in our calculations
for the electron-heavy-hole transitions between confined
electron subbands. The value of E, was estimated to be
about 8 meV for the samples used in this study. For the
transitions associated with light holes or unconfined
states, the band-to-band transition was assumed.

The energies of the unconfined states were determined
from the calculation of the transmission coefficients as
described in the preceding section. In fact, the subbands
are the resonant states which appear in the calculated
transmission spectra. Figure 3 presents the results of the
transmission spectra for electrons in samples 1 and 2.
The parameters for the In, Ga, _, As and GaAs layers are
used in calculation. The energy zero corresponds to the
bottom of the quantum well (or In,Ga; _, As layer). The
threshold energy ( ~200 meV), above which the transmis-
sion increases rapidly, corresponds to the top of barrier
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FIG. 3. The transmission coefficients vs energies calculated
from Egs. (1)-(4) for In,Ga,._,As/GaAs MQW'’s samples: (a)
sample 1, L, =42 A, Lz =200 A, x =0.256; (b) sample 2,
L,=81A,L,=200A,x=0.236.

(or GaAs layer). As one can see, the spectra show clearly
the resonance peak at energies above the barriers. The
peak energies represent the location of possible
unconfined conduction subbands. The width of each
peak, AE, and the average lifetime At of electrons staying
at such resonant states are related by the uncertainty re-
lation AEAT~#. It should be noted that the confined
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FIG. 4. PR spectra for In,Ga,_,As/GaAs MQWS at

T=300 K: (a) sample 3, L, =85 A, L, =200 A, x =0.155; (b)
sample 4, L, =159 A, L, =200 A, x =0.146; (c) sample 5,

=213 A, L,=200 A, x =0.151. The solid arrows indicate
the transition energies obtained from the theoretical calculation
as discussed in the text. The dashed arrows give the observed
energies derived from the fitting of TDFF [Eq. (5)] to the experi-
mentally recorded PR spectra.
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electron subbands can also be found via the calculation of
the transmission spectra, in principle, since they are also
the resonant states. However, for the quantum well with
large (=100 A) barrier thickness, the transmission
coefficient is much too small to be shown on Fig. 3 with
the same scale.

The comparison between the calculations and measure-
ments is given in Table I for all of the five samples stud-
ied. The calculated energies of the confined electron sub-
bands are obtained from the three-band Kane’s model in-
cluding strain effects.?’” The energies of the unconfined
conduction subbands are obtained from the calculation of
the transmission coefficients using Eqgs. (1)-(4). The
measured transition energies between the different elec-
tron subbands were determined by fitting Eq. (5) to the
observed PR spectra. As one can see, the overall agree-
ment between the measured data and calculations is quite
good. The deviations for most of the transitions are
several meV’s which is within the uncertainty in deter-
mining the energies in PR spectra. For clarity, we also
give the PR spectra for samples 3, 4 and 5 in Figs. 4(a),
4(b), and 4(c), respectively, with the observed and calcu-
lated transition energies indicated.

The transitions with energies above the GaAs barrier
should involve unconfined electron subbands. However,
as we found, the transitions with energies below the
GaAs barrier can also involve unconfined subbands. The
feature, 2C-1H, at energy 1.371 eV in Fig. 2(a) for sample
1 is one of the transitions associated with the second con-
duction subband which is unconfined. Sample 1 has a
well thickness of 42 A and InAs mole fraction of 25.6%.
Only the first conduction subband is confined in this sam-
ple. Similar transitions were observed in samples 2 and 5,
as well.

The selection rule for optical transitions between elec-
tron subbands deeply confined in quantum wells is no
longer applicable for those associated with unconfined
states.>?® There is no longer a simple relationship be-
tween the number of nodes in the wave function in the
well and the energy of the state. Additional nodes may
appear in the barrier due to the large leakage of the wave
function into the barrier. Thus the parity of the states,
with respect to the center of the well, is no longer alter-
nate.? In order to obtain the transition intensity, a de-
tailed calculation of matrix elements must be performed.
Both the tight-binding and envelope-function models are
applicable.

It can be noticed from Figs. 2 and 4 that the narrow

wells lead to stronger unconfined transitions, and such
transitions are very weak when the well width is wider
than 200 A. The mole fraction x has only a little effect
on the intensity of such PR signals. Very strong signals
have been observed in sample 1 with a well width L, =42
A and x =0.256. A monotonic decrease of unconﬁned
transitions is seen as the quantum well thickness is in-
creased from L, ,=42 to 200 A. This can be explained
qualitatively as follows: First, the wave function of
unconfined conduction bands must be located around the
well region. For a narrow well, the overlap between the
wave functions of conduction and hole states must be
large causing a strong PR signal. Second, the PR signal
is proportional to k,, the cutoff of Brillouin zone in the z
direction,?! k,~1/L, is larger for a MQW with a nar-
row well width, and so is the PR signal. Third, when the
well width becomes wider, the signal from the different
heavy-hole subbands and the same unconfined conduc-
tion states overlap. This introduces extra cancellation be-
tween the neighboring signals. A quantitative compar-
ison is difficult to make since the sample quality might
change from sample to sample.

In conclusion, we have observed a series of transitions
involving unconfined conduction subbands and the
confined heavy- (light-) hole subbands in highly strained
In,Ga,_,As/GaAs MQW’s with quantum-well thick-
ness, between, 42 and 200 A, x =0.15—0.26. The inten-
sity of these unconfined transitions depends strongly on
the well width L, but weakly on the mole fraction x.
The transmission coefficients have been calculated in or-
der to determine the energies of these unconfined states.
Good agreement has been obtained between the calcula-
tions and PR measurements. We believe that the transi-
tions involving the unconfined states are band-to-band
transition, and do not involve excitons.
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