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Abstract. The mixing between the I and X conduction-band valleys in GaAs-Gai_;Al;As quantum
wells is investigated by using a phenomenological model which takes into account the effects of applied
hydrostatic pressure. The dependencies of the variationally calculated photoluminescence peak-energy
transitions on the applied hydrostatic pressure and quantum-well width are presented. A systematic study
of the I' — X mixing parameter is also reported. In particular, it is shown that the inclusion of the I' — X
mixing explains the non-linear behavior in the photoluminescence peak of confined exciton states that has
been experimentally observed for pressures above 15 kbar in GaAs-Gaj_;Al;As quantum wells.

PACS. 71.55.Eq III-V semiconductors — 73.21.Fg Quantum wells

1 Introduction

The I' — X mixing phenomenon in GaAs-based sys-
tems has been studied by several authors [1-6]. Pulsford
et al. [2] performed an experimental and theoretical work
in strongly coupled GaAs/AlAs superlattices under ap-
plied magnetic fields and reported the anticrossing behav-
ior between the I" and X conduction band minima. Some
studies, within the effective-mass approximation (EMA),
take into account the elastic I'— X intervalley transfer by
introducing an additional §-function scattering potential
at each well/barrier heterointerface of GaAs/AlAs/GaAs
heterostructures [4-6].

The application of hydrostatic pressure is quite useful
to experimentally investigate the electronic states in semi-
conductor heterostructures. When hydrostatic pressure is
applied to a heterojunction, the band gap increases and
the carrier density decreases. It is worthwhile to mention
that several investigations on the effects of hydrostatic
pressure in the optical and electronic properties in these
systems have been reported [7-11]. There are studies on
the pressure-dependent refractive index, I" — X hybridiza-
tion of donor levels, variations of the exciton binding en-
ergy and band gaps, atmospheric-pressure band offsets
in GaAs-Al,Ga;_,As heterostructures, and high-mobility
and high conductance electron channels. The dependence
with the hydrostatic pressure of the (i) electron-hole re-
combination peaks in the photoluminescence (PL) spec-
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trum of single and double GaAs-Gaj;_,Al,As quantum
wells (QWs) [12,13] and (ii) negative-donor-ion singlet and
singlet-like bound magnetosplasmon transitions in doped
GaAs/AlGaAs QWs [14] may also be mentioned. In addi-
tion, the pressure-induced I'— X crossing has been studied
from PL data in InAs/GaAs quantum dots [15], whereas
a theoretical description of the experimentally observed
anticrossing between the energy levels of donor states in
GaAs under hydrostatic pressure has been reported by
Bednarek and Adamowski [16]. The band anticrossing ef-
fects in the conduction band of GaNAs-based QW struc-
tures under hydrostatic pressure were considered by Tomi¢
et al. [17].

There is no systematic study on the mixing-parameter
which describes the coupling between the I' and X con-
duction band minima in low dimensional heterostructures
such as GaAs-(Ga,Al)As QWs. As the I" — X mixing may
be induced by an applied hydrostatic pressure in such het-
erostructures, an appropriate understanding of the physics
related to the mixing-parameter could be very useful in
obtaining a realistic description of the excitonic-related
optical properties of low-dimensional semiconductor sys-
tems. Therefore, here we are concerned with a theoret-
ical study of the PL energy transitions associated with
confined excitons in GaAs-Ga;_,Al,As QWs, with the
combined effects of hydrostatic pressure and conduction
band mixing discussed and compared with available ex-
perimental results [12,13]. A systematic study of the I'— X
mixing-parameter is also reported. The paper is organized
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Table 1. Parameters used in the present calculations [20].

I' — GaAs X — GaAs I' — Gai_ Al As X — Gai1_AlAs
E1 (meV) 1519 1981 1519 + 1155 + 37027 1981 + 1247 + 144 7
o (meV/K) —0.5405 —0.460 —0.5405 —0.460
B (meV /kbar) 10.7 —1.4 10.8 — 3.2z + 3.8 22 -14+01x
Ay 1.3/0.26 1.25/0.19

as follows. In Section 2 we detail the present theoretical
approach. Section 3 is concerned with the results and dis-
cussion, and finally, our conclusions are given in Section 4.

2 Theoretical framework

The calculation of the states in the conduction band of the
GaAs-Gaq_,Al,As structures is carried out in the frame-
work of the EMA. We limit ourselves to the ground state
of the system, which is described by means of a model with
two independent bands. The Hamiltonian of the problem
is written as [3]

o ¥ [P =[]

o moe  m (1o &
2mg ) 022 2ma1 \p Op  Op?
+U(r) +ea, (a=1,X)

(1)
where

he =

(2)

F* are the I'— and X —related envelope-wave functions
whereas ¢, refers to the conduction band edge at the point
« in k space, in the spirit of the procedure followed by
Wang et al. [3]. The mixing of bands is introduced ac-
cording to the scheme in which the boundary conditions
at the interfaces can be written in matrix form with the
use of a matching matrix that involves an adjustable phe-
nomenological y-parameter [2]

Fr Fr
FX FX
m;l \vaza T m;l \vaza ’ (3)
1 X -1 X
m VF Well m VF Barrier
where
E —y 0 0
|+ € 0 0
=75 ¢ @)
0 0 +v ¢

with € = /1 —~2.

The exciton binding energy [18,19] is calculated with
the use of a separable trial wavefunction depending on
two-variational parameters [3]. In the above procedure,
hydrostatic-pressure effects are incorporated via the de-
pendencies with pressure of the basic input parameters of
the EMA [20]. For the pressure and temperature depen-
dent band gap and static dielectric constant, respectively,
we have used

E.w(P)=FEy+BP+aT?/(T +204) (5)

and

€ — 12.74 l94x107° (T=75.6)~1.67x10° P]

(6)

The masses for the I" and X conduction bands, both in
the well and barrier regions, are given by

Mmr—_GaAs =

- 2 x 7510 N 7510 ‘1m "
Er_caas(P)  Er—_caas(P) + 341 o

(8)

Mr—Gay_. Al As = (Mr—gaas + 0.083 xmg) A,

and

mx.(l/L) =
(Aq/1) +6.15x 1072 P —1.22 x 107° P*)mgy.  (9)

Here P is the hydrostatic pressure in kbar, 7" the temper-
ature in K, and my the free electron mass. Equation (8)
gives the I'-point effective mass without (A = 1) and with
(A =1-0.42) inclusion of renormalization effects due to
the interaction with the valence band, respectively. The
pressure dependence of the QW-width can be obtained by
the fractional change in volume of the structure [20]. For
the heavy-hole effective mass, for example at 7' = 70 K,
we have chosen [21] the constant value mp, = 0.45 mg. In
Table 1 we present the parameters that we have used in
the present calculations.

In our calculations the interfaces in the QWs are as-
sumed perfect and abrupt. A more precise model could
consider an effective width for the potential step between
the regions of the well and the barrier. This effect could be
modeled with a compositionally graded parabolic [22,23]
or triangular QWs which can adjust the uncertainty in
the measurement of the widths of the QWs (for example
of £5 A) reported in the experiments [12].

3 Results and discussion

Here we consider that a pressure-induced I' — X band
mixing effect may be present in layered heterostructures
fabricated from GaAs and Gaj_,Al, As materials. Again,
this mixing phenomenon is introduced through the phe-
nomenological v parameter associated to the boundary
conditions for the wave functions at the interfaces.

In Figure 1 we present our theoretical findings for
the hydrostatic pressure dependence of the PL-peak en-
ergy transition, for heavy-hole excitons, in a single GaAs-
Gag.7Aly.3As QW. Results are for different values for the
v-parameter and QW-width. In the low pressure regime
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Fig. 1. Hydrostatic pressure dependence of the PL-peak en-
ergy transition for heavy-hole excitons in a single GaAs-
Gap.7Alp.3As QW. Results are for different values for the ~-
parameter. In (a) results are for I = 100 A, whereas in (b)
are for L = 150 A.

(approximately up to 15 kbar), the curves have a linear
behavior associated with the fact that the minimum in
X for the barrier material is essentially above of the en-
ergy value corresponding to the minimum in I'. In the
pressure regime close to the transition from the type I
to type II X-potential profile of the combined structure
(P ~15 kbar), the X-perturbative effect leads to an ap-
preciable decreasing of the I'-related confining potential
barrier in the GaAs region in such a way that the curves
move away quickly from their linear behavior with the
pressure. This mixing-induced decay of the I' potential
barrier is also responsible for a reduction in the strength
of the Coulomb interaction due to the fact that the elec-
tron wave function has a greater penetration in the barrier
material providing an increment in the expected value of
the electron-hole distance. With increasing values of the
y-parameter, a decrease of the associate PL-peak energy
transition is observed, mainly due to the decrease of the
energy of the electronic confined state. This is also due
to the reduction of the barriers heights which confine the
electrons in the well region. This effect is larger for small
well-widths since for them the confined electron state by
the I'-conduction profile is very close both to the top of
the potential barriers and the X-band. For v = 0 no mix-
ing effects are observed and the electron wave function is
essentially that one which is usually obtained with the I’
profile of the conduction bands. When the ~-parameter
approaches unity, the wave function is essentially associ-
ated to the X profile. It is worth mentioning that we do
not obtain the same behavior as Wang et al. [3]. In their
work, they have shown an increasing behavior of the en-
ergy of the lowest unperturbed confined state in the well
when the effects of the I"'— X conduction band mixing are
included (see Fig. 2 of Ref. [3]). Such a result clearly dis-
agrees with the decrease in the confining potential barrier
height, because of the presence of the perturbation from
the X-band. We believe that the present result clarifies
this point. Moreover, the validity of our calculation is fur-
ther confirmed by the analysis of some experimental data
that is presented below.

In Figure 2 we depicted the PL-peak energy transition
for heavy-hole excitons in a single GaAs-Gag 7 Alg.3As QW
as a function of the v-parameter. Results are for differ-
ent QW-width and hydrostatic pressure values. The de-
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Fig. 2. PL-peak energy transition for heavy-hole excitons
in a single GaAs-Gag.7Alp.3As QW as a function of the
~v-parameter. Results are for different values of the QW-width.
Solid lines are for the zero-pressure case, whereas dotted lines
are for P = 20 kbar.

i O

(et (d)

?g L y=09 |} y=06 |} y=04 ¢

£ | L=96A || L=70A || L=48A || L=26A
ﬁ-4o|....|..|....|..|....|..|....|..
>

o

2 T [T [T e
e L @1} 4} (9)-

r y=0.9 E
| L=96A |

r y=0.4 E
| L=48A |

0 20 0 20 0 20
pressure (kbar)

Fig. 3. Pressure dependent shift energy for the e; — hq transi-
tions in GaAs-Gag.e7Alp.33As single QW. Results are for heavy-
hole transitions (a—d) and light-hole transitions (e-h) and for
different values of the QW width. Solid lines are our theoreti-
cal findings. The used ~y-parameter and QW widths are shown.
Open symbols are experimental data from Venkateswaran
et al. [12]. Results are at 80 K.

crease of the PL-peak energy with increasing QW widths
is a well-known result. Additionally, the decreasing behav-
ior of the PL-peak energy transition with pressure and
v-parameter is in agreement with the calculated results
in Figure 1. Figures 3 and 4 show the pressure depen-
dence of the energy shift [24] of the e; — h; transitions
in GaAs-Gag grAlg.33As and in GaAs-Gag.7Aly 3As single
QWs, respectively. Results are for heavy-hole transitions
(a—d) and light-hole transitions (e-h) and different values
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Fig. 4. The same as in Figure 3, but for a GaAs-Gag.7Alg.3As
single QW.

of the QW width. Solid lines are the present theoretical
findings by using appropriate values of the ~-parameter
that fit the experimental findings, shown as open symbols,
from Venkateswaran et al. [12]. Figures 3 and 4 show that
the I' — X conduction band mixing accounts for the ex-
perimentally detected nonlinear behavior of the PL peak
energy for pressures over which the X band in the barrier
region is below in energy to the corresponding I" profile.
In the low pressure regime (approximately up to 15 kbar),
the curves have a linear behavior associated with the fact
that the minimum in X for the barrier material is essen-
tially above the energy value corresponding to the mini-
mum in I'. In the pressure regime close to the transition
from type I to type II X-potential profile of the combined
structure (P ~ 15 kbar), the X-perturbative effect leads
to an appreciable decrease of the I'-related confining po-
tential barrier in the GaAs region in such a way that the
curves move away quickly from their linear behavior with
the pressure. This mixing-induced decay of the I" potential
barrier is also responsible for a reduction in the strength
of the Coulomb interaction due to the fact that the elec-
tron wave function has a greater penetration in the barrier
material providing an increment in the expected value of
the electron-hole distance.

In Figure 5 we depict the y-parameter as a function of
the QW width. Symbols are taken from Figures 3 and 4
and the lines are the corresponding quadratic fittings.
Calculated results show that the appropriate y-parameter
must increase with increasing QW widths. In the pressure
range in which the energy shift is not linear, the system
is closer to the I' — X crossover and indirect transitions,
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Fig. 5. The y-parameter as a function of the width of a single
GaAs-Gai—; Al As QW. The symbols are taken from Figure 3
and 4 and the lines are the corresponding quadratic fittings.
For the solid line y = 0.31—1.9x 10 *L+8.4x 1075 L?, whereas
for the dotted line v = 0.46 — 7.5 x 1073L + 9.7 x 10~°L>.
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Fig. 6. Pressure dependent shift energy for the e; — hy tran-
sitions in a GaAs-Gai—,Al;As single QW. Open symbols are
experimental data from Burnett et al. [13] for heavy-hole tran-
sitions at 7' = 4K in a single QW (L = 2004) (a) and in a
strongly coupled symmetrical double QW (72A for each well
region and 18 A for the central barrier) (b). Solid lines are
our theoretical findings by using the ~y-parameter in accord-
ing with the fitting equations from Figure 5. The dotted lines
are for v = 0. In (b) the dimension of the single QW, used
in the calculation — 82 A, has been chosen in order to fit the
sum e1 (P = 0) 4+ h1(P = 0) of the coupled double QW from
Burnett et al. [13].

coming from the X-band, become more important. So, as
for large QW widths the energy separation between the
first confined electron state in the QW and the I'-band
is large, a higher value of the y-parameter is necessary in
order to include the perturbation of the first non-confined
X-related state.

Burnett et al. [13] performed an experimental study of
the PL excitation spectra (PLE) in isolated and strongly
coupled double GaAs-Ga;_,Al,As QWs. A model includ-
ing the same boundary conditions given in equations (3)
and (4) was used by them to theoretically fit their re-
sults. A strong non-linear behavior of the PLE peaks with
pressure was detected in the case of the strongly coupled
double QWs, and it was explained through the effect of
the I' — X mixing in the system. In Figure 6 we present
the comparison between the present theoretical findings
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and the experimental data from Burnett et al. [13] for
the pressure-dependent energy shift, for the e; — hy tran-
sitions, in a GaAs-Gaj_,Al,As single and strongly cou-
pled QW. For Figure 6b the v parameter was taken as 0.7
(see Fig. 5) whereas for Figure 6a we have used v = 0.9,
which is the limiting calculated value in Figure 5. By com-
paring the results represented by solid and dotted lines
(v = 0), one clearly sees the importance of taking into
account the I' — X mixing in order to appropriately de-
scribe the experimental findings. Finally, one should men-
tion that in the work by Venkateswaran et al. [12] they
have reported the pressure coefficient for the electron-hole
PL-peak transitions in single QWs, and fit their experi-
mental data to pressure-dependent linear functions, with-
out considering the non-linear behavior for pressure val-
ues larger than ~15kbar. From Figure 6b one sees that,
for example, at 30 kbar the deviations from the linear
behavior are larger than the value of the exciton bind-
ing energy, which indicates that results in Figure 6 from
Venkateswaran et al. [12] should be viewed with caution.

4 Conclusions

The effects of hydrostatic pressure and I' — X mixing on
the exciton states in a single GaAs-Ga;_,Al, As QW have
been investigated. Results suggest that the inclusion of the
I'— X mixing can explain the observed non-linear behavior
in the energy shift (for pressure values larger than 15 kbar)
of confined exciton states in QWs, just as it has been
shown in experimental reports [12,13]. Calculated results
indicate that the v parameter must increase with increas-
ing QW widths. For example, for GaAs-Gag g7Alg.33As
QW we have obtained v = 0.31 — 1.9 x 1073L + 8.4 x
107°L2, whereas for GaAs-Gag.7Alg.3As QW we obtained
v =046—7.5x10"3L+9.7x107°L?, where L corresponds
to the QW-width in A (see Fig. 5). In addition, results
suggest that increasing values of the v parameter lead to
a decrease of the associate PL-peak energy transition, due
to an effective reduction of the potential barriers which
confines the electron in the well region.
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