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Abstract

We determined by means of photoluminescence measurements the dependence on temperature
of the transition energy of excitons in GaAs/Al,Ga;_,As quantum wells with different alloy
concentrations (with different barrier heights). Using a fitting procedure, we determined the
parameters which describe the behavior of the excitonic transition energy as a function of
temperature according to three different theoretical models. We verified that the temperature
dependence of the excitonic transition energy does not only depend on the GaAs material but
also depends on the barrier material, i.e. on the alloy composition. The effect of confinement on
the temperature dependence of the excitonic transition is discussed.

1. Introduction

The band-gap energy of semiconductor materials and its
dependence on temperature are known to be among the most
important parameters for the development of devices operating
with well defined specifications (desirable spectral range,
stability of operation at elevated temperatures, high speed,
among other electronic, optical, and mechanical properties).
The temperature dependence of the energy gap (E,) has a
different behavior in different ranges of temperature. At very
low temperatures (T < 0.02 ®p, where ®p is the Debye
temperature) E,(7") has asymptotic behavior proportional to
T*as T — 0[1, 2]. With increasing temperature, the behavior
of E4(T) can be represented by a 77 dependence where p
has values in the range 2 < p < 3.33 [3]. At higher
temperatures the energy gap decreases linearly with increasing
temperatures [1-3].

In general, the dependence on temperature of E, is
determined by two different mechanisms: the electron—phonon
interaction and the thermal expansion of the lattice [4-7]. To
many semiconductor materials, the contribution of the thermal
expansion of the lattice is a minor effect in the behavior of
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E,(T) as compared to the electron—phonon interaction [7, 8].
For this reason, several models describing the dependence
on temperature of Eg(T) were proposed in the literature
just taking into account the electron—phonon interaction [9].
Among the models usually used to describe Eq(T') we find the
semi-empirical models which take into account the electron—
phonon interaction and use the Bose—Einstein statistics as
proposed by Manoogian and Leclerc [10], the model of Vina
and collaborators [11], the more recent analytical models
proposed by Pissler [12], or the empirical relation proposed
by Varshni [13].

In Al,Ga;_,As bulk material, the adjustable parameters
of different models describing Eq(T)—especially the set
of parameters (o;, ®;) where o = —(dE/dT)r-00 =
S(00) is the high-temperature limiting value of the forbidden
gap entropy and ®; is the phonon energy in units of
the absolute temperature—are dependent on the aluminum
concentration (x) showing an increasing behavior with increase
of Al concentration in the composition range 0 < x <
0.45 [14, 15]. As far as GaAs/Al,Ga;_,As quantum well
(QW) heterostructures are concerned, Lourenco et al [16, 17]
verified that the aluminum concentration of the barrier material

© 2008 IOP Publishing Ltd  Printed in the UK
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has influence on the temperature dependence of the excitonic
transition energy. The values of the fitting parameters
associated to different models describing the behavior of
Ey(T) decrease with the introduction of the barriers but
increase as the Al concentration increases [18]. This decrease
of the values of the fitting parameters with increasing 7 was
attributed to the transition from the three-dimensional (3D)
to the two-dimensional (2D) confinement condition [16, 17].
The same trend is also observed in the behavior of the
parameter related to the contribution of exciton—acoustic
phonon interaction used to fit experimentally measured
line widths by resonant Raman scattering, absorption, and
photoluminescence (PL) spectroscopy [19-25].

Since the energy of the LO-phonons and the strength
of the exciton—LO-phonon interaction increase with the Al
concentration, a larger line width of the excitonic emission and
also a pronounced variation of E,(7T') is expected (being more
pronounced for 7 > 150 K). In the region of low temperatures,
the exciton—phonon interaction is determined by the LA-
phonons, which do not depend on the Al concentration [19].
In this way, if we analyze the behavior of E,(T) in the
low temperature range (9 < 7 < 100 K) for the GaAs
bulk material and also for the GaAs/Al,Ga;_,As QWs for
different values of the Al concentration, it is possible to obtain
information about the influence of the alloy composition on
the fitting parameters and by comparing the results obtained for
the 3D system (GaAs bulk) and the 2D systems (GaAs/GaAlAs
QWs) we will be able to obtain information about the influence
of the confinement on the temperature dependence of the
band-gap energy. We will also be able to obtain information
about the electron—acoustic phonon interaction. Due to their
specificities, the models used to describe E,(7') have different
susceptibilities with regard to the electron—phonon interaction
associated to the acoustic (TA, LA) and optical (TO, LO)
phonon branches. As a consequence, it is necessary to make
a systematic comparison among the results obtained with the
different models in order to obtain information about the
dependence of the fitting parameters of E4(7") on confinement
effects.

In the present work we studied the behavior of the
energy gap (more precisely, the excitonic transition energy)
as a function of temperature be means of PL measurements.
Using a fitting procedure, we determined the parameters which
describe the behavior of the exciton energy as a function of
temperature according to three different theoretical models as
proposed by Vifia and Pissler. By comparing the results of
the fits obtained for the GaAs bulk material and GaAs/AlGaAs
QWs, the influence of the aluminum concentration and the
effect of the confinement on the behavior of the fitting
parameters were determined.

2. Theoretical fitting models

In this section we present the different expressions used
to analyze the dependence of E, with temperature. The
expression proposed by Vifa et al is given by [11]:

2
} 6]

Eg(T) = EB —dapg [1 + —exp(®3/T) _ 1

where E,(T = 0 K) = Ep — ap is the energy gap at
T = 0 K, ap represents the strength of the electron—phonon
interaction, and ® 3 = hw/ kg is the characteristic temperature
representing the effective phonon energy on the temperature
scale. For future comparison of the fitting parameters obtained
according to the three different models used in this work, it
is convenient to introduce here the parameter op defined as
ap = —(dE/dT)r— 00 = 2ap/®p which is the limit of the
gap shrinkage coefficient that can be determined by the slope
of Eo(T) versus T as T — oo. We also used in the present
work two different models developed by Pissler (here named
p-type and p-type models) [13, 26]. The expression describing
E,(T) according to the p-type model is given by:

o0, 2T\”
Ey(T) = Ey(0) = =2 | 1+ (®—> N

p

where Eqg () is the energy gap at T = 0 K, «,, is the high-
temperature limit slope of the gap —(dE(T)/dT) 100, Op is
the phonon energy in units of the absolute temperature, and p
is an empirical parameter related to the shape of the electron—
phonon spectral function by the relation:

a o\’
v — — ow < wy
flw) = (kB> <w0) 3)

0 tow > wy
where the wy is the cutoff frequency and can be determined
by the fitting procedure using the relation fiwy =
[+ D/vikg®p, = [p/(p—DIkg®, with p = v + L.
The dispersion of this model is given by Ap = 1//p? — 1.
According to the p-type model, E¢(T) is described by the
expression:
o0,

E (T)=E, —
o 4. =2raTN\* 4T\
X[E /”?(@—) +<@7> -1
1 th % 1 4
"y -p>(co (2T)—) @

where £, = E (T = 0 K) is the energy gap at T = 0 K;
a, = —(dEy(T)/dT)r_ o and ©,, is the phonon energy in a
temperature scale related to the effective phonon energy by the
expression, ®, = ©,(1 — p/2). The empirical parameter p
describes the relative weight of the contribution of acoustical
and optical phonons to the behavior of Ey (7). In the limit
of p — 1, the interaction is determined by acoustic phonons
while in the limit as p — 0, optical phonons control the
exciton—phonon interaction. The dispersion of this model is
described by Ap = 1/(2 — p)s/(p/3)(4 — 3p).

In order to determine the adjustable parameters according
to each theoretical expression (equations (1)—(3)) we used a
chi-squared fitting procedure. The criterion used to obtain
reliable fitting parameters was determined according to the
expression:

S-()LE ) o

i=l
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Figure 1. PL spectra as a function of temperature from 9 to 100 K. The numbers in parenthesis indicate the alloy concentrations of the
barriers: (a) 5% and 23% for sample #1; (b) 11% and 27% for sample #2; (c) 14% and 35% for sample #3. The vertical dashed lines indicate
the energies of the peaks at 7 = 9 K. (d) shows the dependence on temperature of all excitonic transitions observed in the parts (a), (b), and

(c).

where E;’;p(Ez,?J) indicates the experimental (fitted) values of
the energy gap for the ith-data point. The factor (n — m) is
the number of degrees of freedom left after fitting n data points

with m adjustable parameters in the fitting function.

3. Sample and experimental details

The samples here investigated are GaAs/Al,Ga;_,As (0.05 <
x < 0.35) quantum wells grown in a Gen II MBE system on
top of epiready semi-insulating GaAs(001) substrates. Each
sample has two QWs with 60 A-nominal well widths which are
separated by a 800 A-thick Al,Ga;_,As barrier. The 800 A-
thick barrier is composed of two 400 A-thick Al,Ga;_,As
layers with two different alloy concentrations being the higher
value of x closer to the sample surface. The structure consisted
of a 0.1 um-thick GaAs buffer, a 10 x (AlAs)5(GaAs)q
superlattice, another 0.2 um-thick GaAs layer, followed by the
region of the two 60 A-thick QWs separated by the 800 A-
AlGaAs barrier. The structures were capped with a 50 A-GaAs
layer.

Photoluminescence measurements were performed in a
closed circuit optical cryostat operating with helium from
9 to 100 K. The luminescence signal was analyzed by a
monochromator and detected by a GaAs photomultiplier using
a standard lock-in technique (Stanford SR 510). In the
temperature range 9 < 7' < 30 K the PL spectra were recorded

every 3 K; in the range 30 < 7' < 54 K measurements were
performed every 4 K; and every 10 K in the range 60 < T <
100 K. The density of experimental points is high enough (19
points in the temperature range from 9 to 100 K) to result in
a reliable theoretical fit to the data. The experiments were
performed with an excitation power of 7 mW (16 W cm™2).
Recent studies about the same series of samples showed that
this excitation power is enough to screen the effects associated
to the alloy fluctuations [27].

4. Results and discussion

Figure 1 shows the PL spectra of each sample for temperatures
in the range 9-100 K. The GaAs emission peak observed
at 1.515 eV at T 9 K has a full-width at half-
maximum of 1.2 meV, indicating the good quality of our
samples (see figure 1(a)). The other two peaks observed at
higher energies are related to the electron-heavy-hole exciton
transition energies related to the two QWs with different
barrier compositions. In figure 1(d) is shown the energy of
the peaks as a function of temperature for all the emissions
observed in figures 1(a)—(c). In figure 2 we show the curves of
E,(T) obtained according to the different theoretical models
for sample #3 (x 14% and 35% QWs). We observed in
our studies that the p-type Pissler model leads to the best fit to
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Figure 2. Comparison of the fitted curves obtained for sample #1 with the analytical models of Vifia (broken curve), p-type Pissler (full
curve), and p-type Pissler (dotted curve) for: (a) the GaAs bulk emission peak; (b) the QW with the Al 4GagsAs barrier; and (c) the QW
with the Al 34GagsAs barrier. The inset shows an enlargement of the 9 to 35 K region of each graphic.

the experimental data, with the smallest values of S2. The -
type Pissler model gives a value for S higher than the p-type
model but smaller than the Vifia model, which exhibits the well
known plateau behavior at low temperatures (7" < 50 K). The
fitting results for the other two samples show the same trends
for the values of S2.

In figures 3—5 we show the fitted parameters as a function
of Al concentration obtained for the six QWs and also for
the GaAs according to Vifia, p-type, and p-type models,
respectively, and in table 1 a summary of all the adjusted
parameters is presented. We observed from our results that
all the parameters related to the energy gap at T 0,
Ep —ap = E (T = 0 K) in the Vifia model, E, in the p-
type model, and E, in the p-type model, increase with the
increase of the barrier heights, i.e. increase with the increase
of Al concentration (see figures 3(a), 4(a), and 5(a)). We
also observed that the values of the energy gap obtained with
the different theoretical expressions do not change so much
from model-to-model, and show a similar behavior, which was
predicted by theoretical calculations based on the envelope-
function approximation for GaAs/AlGaAs QWs [28].

The parameters apg and ®p related to the Vifia model
do not depend on the presence of the barriers i.e. they
are practically constants when the system changes from the
3D (GaAs bulk material) to the 2D (GaAs/GaAlAs QWs)
confinement condition: ag(x 0.05) =~ ag(x = 0.0
and Op(x = 0.05) ~ Op(x = 0.0), considering the error
bars (see figures 3(b) and (d)). Moreover, since the electron—
acoustic phonon interaction is prevalent at low temperatures
and the typical plateau behavior of E,(T) for T < 50 K
limits the validity of the Vifia model in this temperature
range, we were expecting a poor description of the physical
quantities related to the fitted parameters determined according
to this model. However, as can be noticed in our results,
the parameters ap (related to the strength of the electron—
phonon interaction) and ®p (describing the mean energy of
the phonons) systematically increase with the increase of the

Al concentration for x > 0, showing that the Vifia model
somehow describes the electron—optical phonon interaction
even in a small temperature range (7 < 100 K). The parameter
ap also increases with the alloy concentration (see figure 3(c)).

The parameters «, and ®, determined according to the
p-type model decrease with the 3D-to-2D transition (see
figures 4(b) and (d)). Considering the error bars, we can say
that these parameters stay approximately constant with the
further increase of the alloy concentration, in agreement with
the fact that the mean energy of the acoustic phonons does not
depend on the alloy concentration. The parameter p increases
monotonically with the increase of the alloy concentration
from p(x = 0.0) = 2.2 to p(x = 0.35) = 2.8, indicating
a decrease of the dispersion with the increase of x.

The parameters o, and ®, determined according to the
p-type model decrease with the 3D-to-2D transition. For
instance, we obtained ®,(x = 0.05)/0,(x = 0.0) = 1.3. The
parameter «, increases while ©, stays constant with a further
increase of x. The mean value of ®, in the Al-concentration
range here considered ((®,),) varies from 0.05 up to 0.35,
values which are superior but approximately equal to the
mean value obtained in the p-type model ({(©p)):(®,), =
17 meV > 16.3 meV (®p)x. The parameter p
decreases with the increase of x, showing once again that the
electron—optical phonon interaction depends on the chemical
composition of the barrier in the temperature range here
considered.

The parameters ap, p, and p are characteristics of each
model and must be analyzed separately. The intensity of the
electron—LO-phonon interaction in quantum wells associated
to the ap parameter can be described by the coupling
constant [19, 20, 29]:

216 (1600 — 1/£2) [/ (m + m) heoro /202
where € and &g are the high-frequency and static dielectric
constants, me* and mp* are the electron and hole effective

(6)
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Figure 3. Dependence on aluminum concentration of the fitted parameters according to the Vifia model for the temperature range
9 < T < 100 K. The parameter ap is defined as ap = S(T) = —(dE/AT) 700 = 2ap/Op.

Table 1. Values of the parameters «;, ®; (i = B, p,r), p and p (and their respective dispersions) obtained by fitting the dependence of the
excitonic recombination energy with temperature in the 9 < 7' < 100 K for the GaAs bulk material and GaAs/Al, Ga;_,As
(0.05 < x < 0.35) QWs according to different theoretical models (see equations (1), (2), and (3)).

B p ap Op O, O,
X (107*eVK™) (107*eVK™) (10*eVK™) (meV) (meV) (meV) p Ap p Ap
0.00 2.6 7.8 4.2 12.0 37.3 19.9 224 050 049 043
0.05 27 4.1 35 11.7 18.0 16.3 240 046 044 040
0.11 28 3.6 34 12.3 14.7 15.5 2.63 041 035 036
0.14 3.0 43 3.8 12.7 16.7 16.5 259 042 034 035
0.23 3.1 4.5 4.1 13.8 17.2 18.0 271 040 030 033
027 3.0 39 3.8 14.7 15.8 18.1 292 036 023 029
035 32 4.1 3.9 14.0 15.6 17.4 2.82 038 026 031
masses, Awro is the LO-phonon energies, 2 = L,LyL;is [p/(p — 1)]kg®, with p = v + 1. We observe in our results

the volume of the sample, and ¢ ((¢ = gq.. gy, nw/L;),
for n integer) is the phonon wavevector. In the Al,Ga;_,As
alloy, the electron and hole effective masses, the LO-phonon
energies, and the term (1/eoc — 1/g&5) increase with the Al
concentration, leading to an increase of the electron—LO-
phonon coupling with x in GaAs/Al,Ga;_,As QWs. The
mean energy of the TO ({(iwro)) and LO ((Awro)) phonons,
described by ®p, also increases with x [30].

The parameter p can be analyzed using equation (3) where
wy is the cutoff frequency and can be determined by the fitting
procedure using the relation iwy = [(v+1)/v]kg®, =

that the value of the cutoff energy decreases in going from the
bulk (x = 0.0) to the quantum well (with x = 0.05) and
oscillates around 25-27 meV. Among other factors, the spectral
function changes by increasing x due to the development
of an energy gap in the phonon spectra. The parameter p,
which mimics the true dependence on energy of the density
of states (DOS), will also depend on x. There are two possible
explanations for the change of the parameter p. The first is that
the energies of the peaks of the DOS do not change but their
intensities change with x. The second alternative is that the
energies of the peaks in the DOS increase, but their intensities
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Figure 4. Dependence on aluminum concentration of the fitted parameters according to the p-type Pissler model for the temperature range

9< T < 100K.

do not change. In both cases the parameter p will increase
with x and it is not possible to conclude which effect leads to
the pattern observed for the parameter p in figure 4. However,
since the optical phonon energies increase by increasing x, it
is reasonable to expect that the intensity and energy of the LO-
phonons at the GaAs/AlGaAs interfaces will also depend on
x and that both effects will contribute to the increase of p by
increasing the alloy composition.

In the analysis of the behavior of the p-parameter with
the aluminum concentration, we must take into account two
important effects: (i) that the energy of the optical phonons
increases with the Al concentration, and (ii) that an energy
gap between the maximum energy of the acoustic branches
and the minimum energy of the optical branches develops by
increasing the alloy concentration. In the same temperature
range (9-100 K), the separation between acoustical and
optical phonon branches increases leading to a decrease
of their probability of excitation. However, this effect is
probably less efficient than the increase of the vibrational mean
energy, resulting in an increase of the p-parameter with Al
concentration which means an increase of the electron—optical
phonon interaction. Since the «-parameter is also related to the
strength of the electron—phonon interaction, «, increases and
p decreases by increasing x.

The three parameters @, ®,, and O, (or ap, a,, and «,)
can be analyzed together since they have the same physical

meaning. In order to analyze each ternary of parameters, we
show in figure 6 the values of the parameters obtained for
the QWs normalized with respect to the correspondent bulk
values. We can see in this figure that, in general, the o3 and Op
parameters obtained with the Vifla model have a higher value
when compared to the bulk values. The parameters obtained
according to the p-type model («, and ®;) have values smaller
than the bulk parameters. The parameters of the p-type model
(ap and ©,) have intermediary values (between the values of
the Vifia and p-type models).

The effective energy of the acoustic phonons obtained
by the two Pissler models, ®, and ®,, is almost constant
with respect to x with a mean value given by (®,), ~
(®,)y = 16.5 meV, a value which is located with respect to
the energy scale approximately in the middle of the acoustic
phonon branch (epa = 29/2 =~ 14.5 meV). The acoustic
phonon energies display a very weak dependence on the alloy
concentration as can be observed in figure 6 by the behavior of
the ® parameters of the Pissler models.

Our findings also show that the confinement leads to a
decrease of the interaction between electrons and acoustic
phonons. This interaction is described by the equivalent
parameter ap of the Pissler models: a, = «,0,/2 and
a, = a,®,/2. Since the parameters O, ® , are approximately
constants for x > 0.05, the electron—phonon interaction will
be mainly described by the o, (or «,). It is obvious that the
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quantitative analysis of this parameter is not reliable due to
the small temperature range used in our experiments, but it is
possible to do a comparative analysis of the data.

The analysis of our results shows that the parameter «,
which describes primarily the acoustic phonon interaction, is

constant for the complete aluminum concentration range here

analyzed. However, since the p-type model mainly describes
the optical phonons (p < 0.5), the obtained values of o, show
a dependence with the alloy concentration, even in the small
range of temperatures here analyzed (i.e. small value of Teyofr)-
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Our findings obtained by the analysis of dependence
of the energy gap on temperature are similar to the results
obtained by Rudin et al [23, 31] by analyzing the half-
width at half-maximum (HWHM) of the excitonic emissions.
For semiconductor bulk materials and heterostructures, the
contribution of the exciton—acoustic phonon interaction to the
HWHM is the sum of the contributions of the deformation
potential (DP) and the piezoelectric (PE) interaction and can
be described by the following expression: I' = T'(0) +
" + 1" = T(0) + auwT where T'(0) denotes the
temperature-independent part and apn = I'°Y/T + I''8/T
(in ueV K1) describes the strength of the electron—acoustic
phonon interaction [31]. As discussed by Rudin et al
[31] each term I'P?/T and I'P®/T is concomitantly related
to the conduction band (CB) and valence band (VB). As
a consequence, the exciton radius and the conduction and
valence band anisotropies in reciprocal space are fundamentals
to estimate the contribution of each term to the parameter
apn describing the electron—acoustic phonon interaction. For
materials and heterostructures with isotropic CB and VB,
the DP contribution is prevalent while the PE contribution is
negligible. However, for systems with anisotropic conduction
and valence bands, the PE contribution can be very significant.
For instance, the dispersion relation of the heavy-hole exciton
in bulk GaAs is strongly anisotropic, resulting in a PE
contribution of approximately 85% while only 15% comes
from the DP interaction [31]. Moreover, several experimental
results for the HWHM obtained by different techniques show
that the electron—acoustic phonon interaction has values in
the range 1-3 peV K~! [20-22, 25, 32] for QWs with well
widths smaller than 200 A, while for GaAs bulk the values
are in the range 8-12 ueV K™! [20, 23], which shows that
the electron—phonon interaction is approximately five times
weaker in GaAs/Al,Ga;_,As quantum wells than in GaAs
bulk.

By analyzing the exciton—acoustic phonon scattering
process in QWSs, we notice that the symmetry is reduced
and the degeneracy of the valence band at the center of
the Brillouin zone is partially lifted, leading to a reduction
of the anisotropy. Thus, we can consider that in quantum
wells the PE contribution can be disregarded as compared
to the DP contribution. That being the case, we can say
that the appearance of a discrete set of energy levels (due to
the confinement by the introduction of the barriers) leads to
a decrease of the exciton—acoustic phonon interaction when
the system undergoes a change from the 3D (GaAs bulk) to
the 2D (GaAs/Al,Ga;_,As QW) confinement conditions [19].
Therefore, the fitting models of E (T) that present more
susceptibility to the electron—acoustic phonon interaction at
low temperatures (7 < 100 K)—the p-type followed by the p-
type—must provide the best description of the influence of the
confinement effects on the fitting parameters when the system
undergoes the 3D-to-2D transition.

Finally, besides the fact that the values of the parameters
obtained for the QWs (see figure 6) are always smaller when
compared to the respective bulk values, it is possible to observe
a common behavior in all data determined by using the three
different models: an oscillation as a function of the alloy

concentration. According to Iotti et al [33], this oscillation
can be related to the change of the oscillator strength of the
excitonic radiative recombination as the exciton wavefunction
spreads through the barriers. Systematic calculations about
the oscillator strength for GaAs/GaAlAs quantum wells with
specific configurations (alloy concentration and well width) are
required in order to verify this statement.

5. Conclusion

In the present paper we have investigated the dependence
on composition of the energy band-gaps of GaAs/AlGaAs
quantum wells using photoluminescence experiments. The
behavior of the experimental excitonic transition energy as
a function of temperature was analyzed using three different
theoretical models. Our findings show that the values of
the fitted parameters also depend on the barrier material
(AlGaAs) and not only on the well material (GaAs). The
comparison of the results for the GaAs bulk material (3D
system) with the results obtained for the QWs (2D systems)
shows that: (i) the model of Vifia does not describe
the exciton confinement and the electron—acoustic phonon
interaction; (ii) the p-type model has more susceptibility
to the quantum confinement effect and to the electron—
acoustic phonon interaction, exhibiting a behavior similar to
the dependence on temperature of the half-width at half-
maximum measured by several other experimental techniques;
the p-type model describes more precisely the effect of the
exciton confinement and contemplates the relative weight of
the electron—optical/acoustic phonon interaction. The effect of
the confinement was clearly observed in the abrupt drop of the
values of the fitted parameters «, and «,,, ® , and ©,. Finally,
we also verified that the p-type model provides the best fit to
the experimental data, with the smallest values of S2.
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