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Contrasting LH-HH subband splitting of strained quantum wells grown along [001] and [113]
directions
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Contrasting responses for the temperature tuning of the electronic structure in semiconductor quantum wells
are discussed for heterolayered structures grown along [001] and [113] directions. The temperature affects the
strain modulation of the deformation potentials and the effective optical gap is tuned along with the intersub-
band splitting in the valence band. A multiband theoretical model accounts for the characterization of the
electronic structure, highlighting the main qualitative and quantitative differences between the two systems
under study. The microscopic source of strain fields and the detailed mapping of their distribution are provided
by a simulation using classical molecular-dynamics technics.
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Semiconductor interfaces have played a fundamental role
since the beginning of the development of semiconductor
devices based on Si, II-VI and III-V heterostructure tech-
nologies. In 1980s, much attention was focused on GaAs/
AlGaAs heterolayered structures grown on GaAs (100)
planes as promising candidates to replace the Si/SiO, inter-
face. Even with extremely smooth surfaces, the performance
of GaAs/AlGaAs heterointerfaces used in devices is affected
by deep defects occurring on the barriers. The motivation for
growth of GaAs off-(001) planes results from the high con-
centration of nonreactive empty single dangling bonds which
reduces the overall background incorporation of impurities,
particularly carbon, and ensures a relatively low background
of impurities that compensates the deep defects on AlGaAs
barriers. !

The electronic, optical, and transport properties in semi-
conductors nanostructures, and quantum wells (QWs), in
particular, are strongly dependent on the substrate orientation
due to strain effects and valence effective-mass anisotropy?-
and enhanced in the presence of anisotropic confinement.
When QWs are grown on nonconventional planes, these ef-
fects are drastically altered.® Among all the singular, vicinal,
or high index surfaces, the (113) plane presents unique fea-
tures which have attracted attention during the last decades.”
In this work, we report on a peculiar anisotropy of GaAs/
AlGaAs heterolayered structures that leads to opposite re-
sponses to temperature of the optical emissions. Such a be-
havior has been experimentally detected in the
photoluminescence (PL) and reproduced by electronic-
structure calculation in conjunction with molecular-dynamics
simulations, which revealed the atomic-scale nature of these
interface effects. The unique low-dimensional properties of
layered structures have been the topic for basic research and
device applications in the past,®° although interesting behav-
iors still appear. We explored the effects of strain using tem-
perature variation. This was accomplished by determining
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the difference between light-hole (LH) and heavy-hole (HH)
energy peaks (E]fH—Ell'IH), obtained from PL measurements
within the temperature range, 12 to 300 K.

Analyzing PL spectra we see that, for structures grown
along [113] direction, the |EY"—E"H| splitting is enhanced
and increases with temperature. On the other hand, for
growth along the [001] direction, the |EX"— EM| splitting is
less pronounced and shows a contrasting slope with respect
to the [113] direction. To investigate theoretically the ex-
pected temperature dependence of |ETH—E'™H| splitting, we
performed a 4 X4 k-p electronic-structure calculation where
strain effects are included. Our model provides a general
description of hole subbands dependences with strain and
temperature for both [001] and [113] directions. For the
[113] orientation, analytical expressions are deduced corre-
lating the deformation tensor components.

GaAs/AlGaAs multi-QWs (MQWSs) were grown by
molecular-beam epitaxy on semi-insulating GaAs (001) and
(113)A substrates. The QWs and barriers thickness as well as
Al concentrations were determined by high resolution x-ray
diffraction (HRXRD). The sample structural parameters and
the conditions for the PL measurements are described in Ref.
10. The PL spectra of the MQWs at various temperatures are
shown in Fig. 1 for samples grown along (a) [001] and (b)
[113] directions. At low temperatures, both samples display a
single peak while above 90 K, a shoulder appears with in-
creasing intensity as the temperature rises. The nature of
these transitions was determined by the multiband calcula-
tion that confirmed their coincidence with HH and LH
recombinations.!! The characterization of the relative posi-
tions of these two peaks with temperature allows a detailed
analysis of the effects associated to confinement and built-in
strains.!? Figure 1(c) shows the temperature dependence of
the difference between LH and HH energy peaks, EIfH
—EII'IH, for samples grown along [001] and [113] directions.
The experimental data shown in Fig. 1(c) were obtained
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FIG. 1. (Color online) PL spectra for different temperatures of
the (a) 55 A Aly3¢GagguAs MQWs grown along [001] direction
and (b) 52 A Alj33Gag ;As MQWs along [113] direction. The ex-
citation intensity was 16 W/cm?. (c) Temperature dependence of
the difference between LH and HH energy peaks, |ETH—EM|, for
[001] and [113] directions.

from a Lorentzian fitting of PL spectra, displayed in Figs.
1(a) and 1(b), respectively.

Given the anisotropic nature of the valence-band effective
mass and the strain-induced effects, the electronic structure
of the systems under consideration will respond to the crys-
tallographic orientation of the interfaces. For the relative po-
sition between valence subbands, a multiband calculation
was set in order to account for the effects associated to con-
finement, mass anisotropy, and strain within the same theo-
retical framework.!>-!> The system is described by a 4 X4
k.p Hamiltonian given by

Pt -S R 0
P~ 0 R

H= s | (1)
P+

where P, S, and R must be defined for each [hhk] direction.
We will introduce the subindex “L” in the matrix elements
above to identify them as Luttinger matrix elements and
“BP” to account for the elements in the Bir-Pikus
Hamiltonian,'® that describes the strain corrections. Although
the strain Hamiltonian for systems grown along directions
[001], [111], and [112] have been profusely studied, no ex-
plicit reference can be found for systems grown along the
direction [113] that could help to describe the anomalous
behavior observed in the experiment. Thus, we should pro-
vide the explicit dependence of the Luttinger Hamiltonian
and strain corrections for this case in order to discuss the
nature of each contribution. The matrix elements for the sys-
tem grown along the [001] direction can be found, for in-
stance, in Ref. 13. Yet, for the growth along [113] direction,
no explicit expressions were found in literature and we are
giving them as
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— 212k k, - 24ki)], 3)

_
3
Sp = 3ygsaskk, + #yé{— 12V2(k2 — 412 + k%) - 32K,k

+21\242]. (4)

The following notation has been used for linear combina-
tions of Luttinger parameters (7y;,v2,3): 75—;(73—72), y

2()/3+ V), V= 5(3y3+272) and vy, ,= m/,:iyz We have also
used: kK2=k;+k;+k2, kj=k;+k,, and k. =k, * ik,. The matrix
elements of the Blr-Plkus Hamlltoman for the system grown
along [113] direction can be written as

1442
PBP_ (28\\ +e)B1 = (gy—&1)Bs764 + 735813,
(5)
~
RBP=_2V3[9\/§813+8(8\\_8L)]B§’ (6)
Spp=\3Be154E 13— (SH £,)Bs. (7)

121

Here, the combination of parameters are /35—;(,83— B>), B

=1(By+Bo). B=L(3B:+2By), and B, ,="22  where B

=2a, B,=b, B3=d/\3 and a, b, and d are deformation po-
tentials.

The GaAs and AlAs lattices have very close lattice
parameters,!” yet strain fields are produced at their interfaces.
In order to quantify the stress in the GaAs/AlAs interface, we
performed molecular-dynamics simulations based on an ef-
fective interatomic potential. The many-body interatomic po-
tentials for both materials were based on the modeling re-
ported in Ref. 18 in which two- and three-body interactions
were considered. The parameters in the effective interatomic
potential, for both semiconductors, were chosen in order to
reproduce cohesive energy, bulk modulus, and C;; elastic
constant at experimental densities. The interaction between
atoms at interface is obtained by interpolation between AlAs
and GaAs potentials as specified in Ref. 18 by considering
the local chemical environment.'®!°

Two interfaces were prepared creating a single quantum
well, AlAs/GaAs/AlAs, at different crystallographic orienta-
tions. A total of 72 128 atoms is used in one simulation,
where the single well has the dimension of 39.56 X39.56
% 1039.56 A3 along x, y, and z directions which are parallel
to the [100], [010], and [001] crystallographic directions, re-
spectively. In this case, the well has a thickness of 56.2 A
and the barriers 491.68 A. The other simulation was pre-
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FIG. 2. (Color online) Visualization of the (113) wells regions
on a (110) plane with different components of the stress tensor. (a)

7, with central well region around —0.28 GPa. (b) 75, with central
well region around —0.25 GPa. (c) 733. (d) 7;,. (e) 7y3. (f) Taa.

pared with 39.76 X 39.96 X 1049.46 A3 with x, v, and z par-
allel to [332], [110], and [113], respectively, using a total of
73 920 atoms. The well is 56.0 A thick and the barriers,
496.73 A. Periodic boundary conditions were applied in all
directions. Before any analysis, the whole system was al-
lowed to relax in order to have zero pressure. For each case
studied, the system was very well thermalized at temperature
close to 0 K. From this configuration, the distribution of
local stress was calculated using the algorithm supplied in
Ref. 20.

Among all 36 stress tensor components, 77, 72, 733, 715,
T3, and 7,3 are shown in Fig. 2. It shows the calculated

stress tensors with a view of (311) wells on a (110) plane.
Observe that the stress at the interface can be as strong as
*4 GPa while in the central region of the well is compres-
sive with 7;; ~-0.25 GPa and 7,,~-0.28 GPa. Also note
that the stress component 7,,, as shown in Fig. 2(d), is zero
and 73~ *=0.5 GPa at the interface, [see Fig. 2(e)]. We thus
proved that an epitaxial film, which is not lattice matched to
its substrate, will be under uniform biaxial contraction (g,
< 0) or dilatation (g,>0), in the plane of film. The in-plane
strain g, is given by the substrate and layer material bulk
lattice constants, thus, &;=€x=€=da1Gaas/ dGans—1 and
£1,=0, where ajg.as and agaas are, respectively, the lattice
parameter of barrier and well materials. Therefore, three
strain tensor components must be determined: &3, €53, and
gy3=¢ . There is no in-plane shear strain in the film under
uniform biaxial distortion (in-plane angles between ions are
preserved).?!?? This allows the representation of the strain
components for a system grown along the direction [113]
198C3=45C)1C15-374C) 1Cas=153C3+1245C,Cu—44C4
11(9C349C C12+9C, Cam18CT—34C . Cat4Ch)
1212(11C}+2€;1C12-22C,1C44—13C3~26C1Cas)
T L1(9C3,49C, 1C1p49C )  Cag—18C3—34C 1 ,Ca+4CY,)
Ci2, and Cy, are elastic constants of the material (in our case
€,=-04074-g, and £3=0.2248-¢)). It is remarkable the
complexity of matrix elements for Luttinger, Bir-Pikus
Hamiltonian, and for the strain tensor components along

given by e&,=-

and g3= g, where Cy,
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FIG. 3. (Color online) Temperature dependence of the lattice
parameter for (a) GaAs and (b) Alj3,GaggsAs. The experimental
data were fitted with a third-degree polynomial. (c) Temperature
dependence of the difference between LH and HH energy peaks,
|E}H—Ell'IH along [001] and [113] directions for different configu-
rations of well widths [that fit the absolute positions of the HH
transition energies in Figs. 1(a) and 1(b)].

[113] direction if we compare them with those along [001]
direction, where the relation between strain components re-

duces simply to & L:—(zcilllz)s” (Ref. 13) (that corresponds to
€,=-0.9279-¢ in the case under consideration).

Given the analytical expressions described above, along
with the values of the stress tensor components, we can solve
the eigenvalue problem for the total Hamiltonian. For the
calculations we used the following Luttinger parameters:>
v1=6.85, %,=2.10, and y3=2.90. For the deformation poten-
tial, we have used the following values:2* a=2700, b
=-1700, and d=-4550. For the elastic constants, we have
used the following values:®® (C;=122.1 GPa, Cj,
=56.6 GPa, and C44=59.9 GPa. The main contrasting be-
havior between systems grown along the directions [001]
and [113] is the opposite slope of the difference between LH
and HH energy peaks with temperature and with strain in-
crease. It is interesting to note that the diagonal terms in the
Bir-Pikus Hamiltonian, that determine the intersubband split-
ting in the valence band for the system grown along [001]
direction, Pp—Ppp=-5.79-g; eV, do not act as the main
factors in the [113] case. Here, the difference between diag-
onal terms yields Ppp—Ppp=—5.19-g; eV, with the same
sign as in the system grown on the (001) plane. Thus, the
positive slope comes from contributions of the nondiagonal
terms that couple the HH and LH subbands.

To express the temperature dependence of g, the lattice-
parameter dependence on temperature must be used as
shown in Fig. 3, for GaAs (Ref. 26) and AlGaAs.?” In order
to obtain a functional dependence, we fitted the experimental
points with a third-order polynomial a(7)=ay+a,T+a,T"
+a;T3, as shown in Figs. 3(a) and 3(b). From the experimen-
tal data of the lattice-parameter dependence with tempera-
ture, we can estimate the variation in strain due to changes in
the lattice parameters within the range 0.012 <g;<<0.058. A
slight variation in the lattice parameter produces large varia-
tion in the band structure of the system. In Figs. 3(a) and
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3(b), it is possible to see how small is the variation in the
lattice parameter for the given temperature range. Figure 3(c)
shows the temperature dependence of the absolute difference
between LH and HH energies for [001] and [113] directions.
If we compare Figs. 1(c) and 3(c), we can see that the theo-
retical model describes correctly the experimental behavior.

In summary, the variation in strain conditions with tem-
perature has revealed the contrasting optical responses of
layered systems grown in the directions [001] and [113]. Ex-
periments demonstrate differences in the dependence of the
valence-subband splitting between the HH and LH bands
depending on growth direction. This behavior has been sup-
ported by the multiband calculation for the respective elec-
tronic structure. The molecular-dynamics simulation re-
vealed the nature of strain fields by showing the behavior of
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the stress tensor components. The external control of the
valence-subband splitting between HH and LH, either by
temperature or stress, may be used to tune the intersubband
coupling by LO phonons. This process is allowed by hole-
phonon deformation-potential interaction.”® The resonant
condition for this interaction depends on the match between
the LO-phonon energy [fw;o=37 meV (Ref. 29)] and the
HH-LH energy subband separation. According to Figs. 1(c)
and 3(c), the energy splitting of the sample grown along
[113] direction displays values above 30 meV (which can
also be tuned by reducing the well width). This analysis can
be extended for nanostructures, such as wires and quantum
dots. Recently, the use of HH-LH subband separation (by
controlling strain fields) has been proposed for optical appli-
cations of nanoscopic wires.3*3!
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