
PHYSICAL REVIE'IAt' 8 VOLUME 37, NUMBER 2 15 JANUARY 1988-I

Temperature dependence of the quantized states in a Gaks-Gal —«Al«ks superlattice
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A detailed study of the photoreSectance spectra of a GaAs-AIs. 3Ga0.7As superlattice as a func-

tion of temperature has revealed the temperature coe5cients of the quantum-vrell transitions asso-
ciated with the direct I conduction band (CB) of GaAs and the staggered transitions from the
X-CB of Al, Gai-, As to the valence band of GaAs. The data have been 6tted to Varshni's equa-
tion. %e have also observed the evolution of the excitonic transitions, especially for lo~er quan-
tized states, as the temperature is decreased yielding the binding energies.

Modulation spectroscopy, particularly the contactless
method of photoreflectanee (PR), ' 3 is shown in a very
powerful technique to study a large number of quantized
states in a multiple-quantum-well (MQW) structure.
Considerable discussion on the line shapes of the PR spec-
tra and their changes with temperature has led to the be-
lief that the spectra are excitonic at low temperatures and
band to band at temperatures above 250 K. s A careful
analysis of the PR and the photoreflectance excitation
(PRE) spectra has led ' to the identification of the ls ex-
citonic state of Ctn-Hn and Crn-Ln transitions for
m n 1. The above notation denotes transitions from
the nt th conduction-band state (C) to the nth heavy- (H)
or light- (L) hole band state.

We have performed a detailed study of the temperature
evolution of the line shapes of PR transitions in a GaAs-
Ale 36ao 7As MQW with the well width Ls of 260 k This
study has enabled us to observe a gradual sharpening and
the emergence of the ls-exritonic peak from the broad
continuum transition as the temperature is lowered for
m( n) 1 to 3. The exriton binding energies are deter-
mined from this data (Tables I and II). For higher transi-
tions we could not observe this effect because of their
large linewidths. We have also observed peaks from tran-
sitions originating in the X-conduction band (X-CB) in

AI„Gat -„As across the heterointerface. Due to the band

TABLE I. Energies of MQW transitions (in eV) as a func-
tion of temperature.

alignment between GaAs and Al, Ga~ „As, it turns out
that the X-CB in AI, Gat -„As has its energy lower than
that of GaAs. We have performed a calculation of the en-
ergy positions of both the I and X related transitions and
find excellent agreement between the results and experi-
ment. The temperature dependence of the energies of the
transitions are fit to the Varshni's equations s to obtain the
coeflicients a and P. We find that two sets of a and P can
be used to fit the data. The first set of values is very close
to the corresponding values for bulk GaAs. We do not see
any dependence in the values of tt and P with different m
(or n)

The samples were grown by molecular-beam epitaxy.
The well and barrier widths were estimated from growth
parameters. The aluminum mole fraction was deduced
from the PL and PRE spectra of a reference AI, Gat -„As
sample grown under identical conditions. The experimen-
tal setup is similar to that described in the literature. A
variable-temperature cryostat was used.

Figures 1 and 2 show the PR spectrum of the MQW
sample at different temperatures. The temperature
dependence of various transitions is shown in Fig. 3. The
identification of the transitions is also shown in Fig. 3.
The numbers with arrows in Figs. 1 and 2 correspond to
this identification. The solid and dotted lines passing
through the data in Fig. 3 are fitted to the Varshni's equa-
tion

E(T) E(T 0) -aT /(P+T),
where E(T) is the energy at temperature T.

Figure 1 displays transitions derived from the I conduc-

300
Temperature (K)

250 200 150 125 80

C 1 -H 1 (ex)
Cl -H1
C2-H2 (ex)
C2-H2
C3-H3 (ex)
C3-H3
C4-H4 (ex)
C4-H4

1.424
1.435
1.446
1.455

1.441
1.454
1.465
1.472

1.541 1.565

1.490 1.506

1.466 1.488 1.497
1.476 1.500 1.509
1.488 1.510 1.520
1.494 1.516 1.524
1.525 1.548 1.556
1.532 1.554 1.564
1.578 1.599 1.607
1.587 1.608 1.617

1.512
1.524
1.534
l.538
1.570
1.578
1.621
1.631

Transition

C1-H1
C2-H2
C3-H3
C4-H4

Binding energy (meV)

11.8+ 0.4
6.0+'0.8
7.3+'0.5
9.5+ 0.3

TABLE II. Binding energies of several MQW transitions for
I, -260 A.
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FIG. 1. The photorefiectance spectra of a GaAs/Alp. 3Gap.7As
multiple quantum well at difkrent temperatures. Notice that
the energy scale corresponds to the spectrum at 300 K. Other
spectra have been shifted to align peak 1. The numbers with ar-
rows correspond to transitions derived from the I -CB as de-
scribed in the text. The zero of the PR spectra correspond to the
flat part of the reNectivity on the low-energy side.

tion band to the heavy- and light-hole valence bands. The
energy scale corresponds to the spectrum at 300 K. Other
spectra have been shifted to align peak l. As the tempera-
ture is decreased the relative intensities of transitions cor-
responding to higher m (and n) decrease. This is con-
sistent with the expected decrease in the population of
these states as the temperature is lowered. The peaks, in
particular for m 1 to 3, also sharpen up considerably.
The most dramatic change occurs for Cl -Hl transition.
At 300 K there is a broad and intense peak at 1.435 eV
(denoted by 3) with a weak shoulder (denoted by 1) at a
lower energy by about 11 meV. As the temperature is
lowered, this shoulder gains intensity at the expense of
peak 3. At 200 K, it is as intense as peak 3. For tempera-
tures 150 K and below peak 3 is very much weaker com-
pared to 1. We identify peaks 1 and 3 as the 1S exciton
and the continuum (band to band) transitions of C 1-Hl,
respectively. The separation between them remains con-
stant with temperature. The peaks labeled 4 and 5 in Fig.
1 are due to the C2-H2 transitions. One can see the
changes in relative intensities between these peaks as well.
Above 200 K, 4 is weaker than 5 and the reverse is true
for lower temperatures. The peak denoted by 7 corre-
sponds to C3-H3. In this case, a shoulder at lower energy

Energy (eV)
FIG. 2. PR spectra for staggered transitions from the X-CB

of Alp. 3Gap.7As (barrier) to the valence band of GaAs (well).

can be easily seen for temperatures below 150 K. At 80 K
the peak 7a is as strong as 7. The peak denoted by 9 cor-
responding to C4-H4 shows signs of a doubled structure
below 125 K. Tables I and II show the peak energies and
the exciton binding energies deduced from the data.

Figure 2 shows the spectra associated with the X-CB.
The solid curves correspond to the data and the dotted
curves are from a fit to the theoretical function'o

Re g cje' '(E-E;+jT~) ', (2)
R

where p is the number of peaks, E is the photon energy,
C~, e~, EJ, and I; are the amplitude, phase, energy, and
broadening parameters for the jth peak, and mj is a pa-
rameter that depends on the type of critical point and the
order of the derivative. We used m~ 2.5. Due to the
large broadening of these peaks we do not think that we
can distinguish between excitonic and band-to-band tran-
sitions. The Kronig-Penney-type calculation" to evaluate
the confinement energies in the X-CB was carried out
with the appropriate band parameters. The confinement
energies for the first four levels in the X-CB were 1.5, 5.9,
13.3, and 23.4 meV, respectively. The same for the
heavy-hole VB were 1.4, 5.4, 12.2, and 21.6 meV, respec-
tively. The energies for peaks 17-20 were obtained by
adding the CB and VB confinement energies to 1.839 eV,
which is the energy of the X-CB of Alo 3Gao 7As from the
VB of GaAs. Using a conduction- to valence-band offset
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ratio of 70:30, the energy positions were computed for
these transitions. 'z It should be noted that the possibihty
of these transitions originating from the X band of the
well material to its valence band was considered. The ob-
served peaks appear -40-60 meV lower in energy than
expected. These peaks are too high in energy (20-40
meV) to be due to the barrier material.

FIG. 3. Temperature dependence of the MQW transitions.
The symbols denote the experimental data and the curves are
from a fit to Eq. (1) in the text. The dashed curves are from the
1s excitonic transitions and the solid curves are for the band-to-
band (continuum) transitions.

The solid and dotted lines passing through the data in
Fig. 3 are from a fit to Eq. (1) with values of
a (5.40+'0.2) &10 eV/K and Ig 204 K for all the
I -band derived transitions. The peaks 17-20 had the best
fit values of a (5.33+ 0.2) X10 eV/K and 19 204 K.
These values are identical to the corresponding coelfi-
cientss 9 for the I band of bulk GaAs. We found that all
the data taken together can also be reasonably fit by a
choice of tt (4.52)X10 eV/K and P 108 K. In that
sense tt and P are not unique but only represent parame-
ters to describe the temperature dependence. Any relation
of P to the Debye temperature of GaAs as originally sug-
gested by Varshni seems inappropriate. Neither of the
two values of P are large enough to approach the Debye
temperature. The quantum confinement of electrons in
the MQW structures has no measurable effect on the tem-
perature behavior of the energy levels which track the
band extrema of the well material faithfully. This is in
contrast to the pressure dependence of the MQW transi-
tions, where we have shown that the pressure coefficients
decrease with increasing confinement (or decreasing well
width) '2'3

There have been several calculations'4's of the exciton
binding energies. It has been shown that the mixing be-
tween heavy- and light-hole subbands away from the zone
center can lead to regions of negative mass and can result
in sharp peaks in the joint density of states. These mixing
effects can lead to larger binding energies for some transi-
tions. 's The relatively larger binding energies for C3-H3
and C4-H4 compared to C2-H2 are probably due to this
effect. A detailed calculation is required to test this point.

In conclusion, we have deduced the exciton binding en-
ergies of Crrt-Hn transitions and the temperature coeffi-
cients of the MQW transitions by a careful study of the
PR data. We have also investigated these transitions as a
function of hydrostatic pressure. '3 The results will be
published elsewhere.
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