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Electronic and optical properties of strained In,Ga;_,As/GaAs and strain-free
GaAs/Aly 3Gay 7As quantum dots on (110) substrates
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We investigate strained In,Ga;_, As/GaAs and strain-free GaAs/Alj3Gag7As quantum dots (QDs) grown on
(110)-oriented substrates by means of atomic empirical pseudopotentials and configuration interaction. We find
that there is a significant piezoelectric effect on the exciton fine structure splitting (FSS) in strained QDs due to
the in-plane character of the electric field. The ground-state bright excitons in these QDs are polarized along the
[001] and [110] crystal directions, and have large FSSs. The linear degree of polarization is large and decreases
linearly with an increase in Ga content, while it is nearly zero and independent of Ga content in In, Ga, _, As/GaAs

QDs with similar shape and size grown on (001) substrates.
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I. INTRODUCTION

Semiconductor heterostructures grown on (110)-oriented
substrates offer promising prospects for nonmagnetic spin-
tronic devices.!™ In particular, quantum wells grown on (110)-
oriented substrates are promising candidates for nonmagnetic
spin transistors,” magnetic field sensors,* and spin resonant
tunnel diodes.’> There is a unique characteristic of spin-
orbit pseudomagnetic field in the [110] direction in III-V
semiconductors® leading to a relatively long electron spin
lifetime, even at room temperature.” Long spin lifetime is
an important property sought in semiconductor quantum dots
(QDs) in order to use them in spintronics or quantum informa-
tion processing.® Conventional self-assembled semiconductor
QDs are, however, grown on (001)-oriented substrates, either
by Stranski-Krastanov self-assembled growth,”!? leading to
strained QDs such as In,Ga;_,As QDs embedded in GaAs.
or by a modified droplet epitaxy method,!! or by filling
self-assembled nanoholes'2 leading to strain-free QDs, such
as GaAs/AlGaAs. The growth of self-assembled QDs on
(110)-oriented substrates is more challenging because layer-
by-layer epitaxial growth is prevented by the formation
of misfit dislocations.'>'* However, QDs on (110)-oriented
substrates can be grown on an ultrathin AlAs layer on a
GaAs substrate!® by using specific growth conditions and the
cleaved-edge overgrowth technique.'®!'” Recently,'® another
molecular beam epitaxy technique has emerged enabling
the growth of In,Ga;_,As/GaAs(110) QDs based on the
modification of the incorporation kinetics of adatoms induced
by the presence of chemisorbed atomic hydrogen. Strain-free
GaAs/Al(Ga)As (110) QDs have been grown for a few years
using droplet epitaxy.'® Still, the growth of QDs on (110)
surfaces is not fully understood and remains challenging.?’
The characterization of shape, size, and composition profile of
these types of structure is far from the level of detail that
has been reached in recent decades for (001)-grown QDs.
However, the existence of a few QDs recently grown on (110)
substrates allows us to speculate that the level of control will
improve in the future, making these types of structure a realistic
alternative with a possible long spin lifetime.

The electronic and optical properties of QDs grown on
(001)- and (111)-oriented substrates have been extensively
investigated both experimentally and theoretically. Based
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upon their unique optical properties these QDs have been
proposed for various potential applications such as sources of
on-demand triggered single photons, entangled photon pairs,
quantum bits, etc. However, a detailed theoretical investigation
of the electronic and optical properties of QDs grown on
(110)-oriented substrates is still missing. It is not yet clear how
far these types of QD differ from the ones grown on (001) and
(111) substrates. In this paper, we investigate the electronic
and optical properties of these QDs using the atomistic
pseudopotential method?">? and the configuration-interaction
approach.”> We find that there is a significant piezoelectric
effect on the electronic and optical properties of these QDs,
in contrast to quantum wells that lack such a field. The
bright-exciton states in these QDs are polarized along the [001]
and [110] crystal directions, and show a large fine structure
splitting (FSS) compared to the (001)-grown QDs.

II. COMPUTATIONAL DETAILS

We consider lens-shaped In,Ga;_,As/GaAs and
GaAs/Aly3Gag7As QDs grown on (110)-oriented substrates
with circular base (base diameter of 25.2 nm and height
3.5 nm). We construct the simulation cell by placing 3 x 10°
atoms onto their unrelaxed zinc-blende atomic positions.
The QD atoms are surrounded by the atoms constituting
the barrier. This barrier has to be thick enough to allow for
a full confinement of the QD wave functions, and in the
strained QD case, for a decay of the QD-induced strain at the
boundary. The position of all the atoms is relaxed to minimize
the strain energy by the valence force field method.?*>
The single-particle eigenfunctions and eigenenergies of the
QDs are calculated by using the atomistic pseudopotential
approach,?!?> taking strain, band coupling, coupling between
different parts of the Brillouin zone, and spin-orbit coupling
into account. The atomistic description leads naturally to the
correct symmetry and there is no need to adapt the basis set
to the substrate orientation, as required in envelope function
k - p approaches. The Coulomb and exchange integrals are
calculated from the atomic wave functions as shown in
Ref. 26 and the correlated excitonic states are calculated
by the configuration-interaction (CI) approach.?* For the CI
calculations we use all possible determinants constructed
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from the 12 lowest-energy electron and 12 highest hole
states (spin included), thus accounting for correlations. We
also investigate the effect of a piezoelectric field on the
single-particle states and excitonic properties of strained
In,Ga;_,As/GaAs (110) QDs.

III. RESULTS AND DISCUSSION

We investigate strained In,Ga;_,As/GaAs QDs with dif-
ferent compositions x = 1,0.9,0.8,0.7,0.6, and strain-free
GaAs/Aly3Gag7As QDs. Figure 1 shows that in these QDs
the [110] and [001] crystal directions, which lie in the growth
plane, are atomistically inequivalent and there is only one
plane of reflection shown in Fig. 1(b) as a double-headed
arrow. The corresponding atomistic symmetry of pure InAs or
GaAs QDs on (110) substrates is Cg. Disk-shaped pure InAs
or GaAs QDs on (110) surfaces have C;, or Cg symmetry,
depending on the local symmetry of the interfaces along the
growth direction. However, in QDs grown on (001) substrates
the atomistic symmetry for the pure InAs or GaAs QDs is Cy,
and Dy for lens- and disk-shaped QDs, respectively.?’ The
alloy QDs belong formally only to the C point group, with no
symmetry operations.

Strain and piezoelectricity are crucial in determining
the properties of heterostructures®>* and self-assembled
QDs.}173¢ The GaAs/Aly 3Gag 7 As heterostructures are free of
strain and hence of piezoelectric effects. However, strained
In, Ga;_,As/GaAs heterostructures develop significant piezo-
electric fields that strongly depend on the growth direction.
When a strained-layer heterostructure is grown on certain crys-
tallographic surfaces, such as In,Ga;_,As/GaAs, the lattice-
mismatch-induced strain generates a piezoelectric polarization
given as a function of mechanical strain 7; in Voigt notation,

retaining the second order in strain, as*>-3
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FIG. 1. (a) One monolayer (ML) and (b) two MLs in the (110)
plane cut through the center of a QD grown on a (110) surface.
The black (gray) spheres represent the cations (anions). The small
spheres in (b) represent the corresponding cations (anions) in the
atomic layer beneath (a). Atomistically the [110] and [001] crystal
directions, which lie in the growth plane, are inequivalent and only
the (110) plane is a reflection plane. The atomistic symmetry of pure
InAs or GaAs lens-shaped QDs on (110) substrates is C. For alloyed
QDs the symmetry is reduced to C;.
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where ¢e,,; is the proper piezoelectric tensor of the unstrained
material and B, j; represents the first-order change of the
piezoelectric tensor with strain.3® Tabulated values of e,; and
B, jx based on density functional theory have been presented
in Ref. 36 and are used in this work.

For strained-layer superlattices grown along the [001]
direction, the off-diagonal strain components are zero and no
polarization fields are induced.*® For structures grown along
the [111] direction, all three off-diagonal strain components
are equal and the resulting strain-induced polarization is
directed along the [111] crystallographic growth direction. For
strained-layer superlattices grown along the [110] direction
the polarization is nearly as large as in the case of [111]
growth and points along the [001] direction and therefore lies
in the (110) growth plane. In such a superlattice or quantum
well geometry, no piezoelectric field can form, however, for
electrostatic reasons.*®

In the case of QDs, the strain profile is more complex than
in two-dimensional heterostructures. A QD grown on the (001)
surface has significant strain along the [110] and [110] crystal
directions due to the curved upper interface.’> This strain
gives rise to a rather small piezoelectric polarization.’® In the
case of QDs grown along the [111] direction the piezoelectric
field is quite strong®’ and mainly oriented along the growth
direction. However, this is the direction of strong confinement
where the field has only a moderate effect on the shape of
the wave functions. The optical properties are therefore only
marginally affected.”’ In the case of QDs grown along the
[110] direction, the polarization field lies in the growth plane
and a piezoelectric field can develop; in contrast to the case
of quantum wells where the periodicity of the structure in
plane forbids such a field.*® It can be expected that this
field will be crucial for a correct description of these types
of QD since the field will tend to pull electron and hole
wave functions apart in the direction of weak confinement.
Figure 2 shows the piezoelectric potential calculated according
to Ref. 33 in In,Ga,_,As/GaAs QDs for x = 1.0,0.8,0.6.
The piezoelectric field is mainly oriented along the [001]
crystallographic direction, as expected. The polarization field
reflects the atomistic crystal symmetry and shows one plane
of reflection. The piezoelectric field in pure InAs QDs is very
strong and decreases with an increase in the Ga content.

‘We now calculate the single-particle electron and hole states
with and without piezoelectric field in strained and strain-
free QDs. The squares of the wave functions for electrons
(eo,e1,e2) and holes (hg,h,h;) are given in Fig. 3, showing
that in pure InAs QDs, without the piezoelectric effect, the
e; and e, states are oriented along the [110] and [001]
crystallographic directions, respectively. As the Ga content
is increased the ¢; (e,) state rotates from [110] ([001]) towards
[001] ([110]). The hole states have an intricate probability
distribution that originates from their multiband character.
In pure InAs QDs, without the piezoelectric effect, the hole
states have accumulations of probability distribution along the
[110] direction. In alloyed QDs the probability distribution
of hole states is qualitatively similar to the one observed in
conventional QDs grown along [001].%6 The inclusion of the
piezoelectric field in In, Ga; _, As/GaAs QDs has no significant
effect on the probability distribution of electron states except
for a minute change in the orientation of the e; and e, states.
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FIG. 2. (Color online) Piezoelectric potential in atomic units (a.u.) in In,Ga;_, As/GaAs QDs. In pure InAs QDs the piezoelectric field is
quite strong and directed along the [001] crystallographic direction. The strength of this field decreases with an increase in the Ga content

(decrease in strain).

However, the probability distribution of hole states changes
to some extent, introducing a noticeable distortion along the
[001] direction.

We further investigate the orbital and Bloch function
characters of electron and hole single-particle states. As a
consequence of the low atomistic symmetry of these QDs the
electron and hole states are expected to have mixed orbital
and Bloch function characters. In both C and C; symmetry
the heavy-hole (HH) and light-hole (LH) states belong to

the same irreducible representation, which allows effective
mixing of these states. In the case of QDs grown on (001)
surfaces the heavy- and light-hole states are energetically split
by confinement and by biaxial strain. Consequently, the hole
states have dominantly HH character.”® However, in the case
of QDs grown on the (110) surface, the confinement is along
the [110] crystallographic direction and affects both the HH
and LH states and does not lead to the clear energetic splitting
of both states, as in [001] confinement. In these QDs the hole

In,Ga, ,As QDs

GaAs

x=0.8 x=0.6

FIG. 3. (Color online) Single-particle wave functions squared, for electron (e, e;,e,) and hole (ho, 1, h,) states in strained In, Ga;_, As/GaAs
and strain-free GaAs/Aly3Gay;As QDs. The red and blue color isosurfaces correspond to 75% probability density for the hole and electron
states, respectively. The white circular boundaries represent the physical dimensions of the QDs.
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TABLE I. Decomposition of the wave functions of the highest
three hole states (hg,hy,h,) into the bulk I'-point Bloch functions:
heavy-hole (HH), light-hole (LH), split-off (SO), and conduction
bands (el).

QD State HH LH SO el
InAs ho 29.1 29.2 38.7 0.5
hy 26.2 332 372 0.6
h, 25.8 33.9 37.2 0.6
IDQ_6G30_4AS h() 333 18.2 45.7 0.4
hy 31.3 21.7 44.1 0.4
h, 31.1 24.5 41.4 0.4
GaAs ho 29.2 52.1 17.7 0.2
hy 23.6 48.9 26.3 0.2
h, 27.2 45.1 26.5 0.3

states are expected to be highly mixed. This is precisely the
case in our calculations, shown in Table I where we have
projected the QD single-particle wave functions onto the three
valence bands and the lowest conduction band of the bulk
material at the I point. Table I shows that the hole states have
a fully mixed Bloch function character.

Next, we plot in Fig. 4 the single-particle energies for the
first six electron states eg ;.5 and first six hole states fg 1,5
with respect to the energy of e for the electron states and of
h for the hole states. The connection to the GaAs QD is given
as dashed lines, since the barrier material is changing from
GaAs for In,Ga;_,As QDs to Aly3Gag7As for the GaAs QD,
making these two system difficult to compare. With increasing
In content, the confinement (the depth of the potential barrier)
increases and the splitting between the states tends to increase
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FIG. 4. (Color online) Single-particle energies for the first six
electron eg 1, s
states with respect to the energy of ¢, for the electron states and of kg
for the hole states. The connection to the pure GaAs QD is shown as
dashed lines, as the barrier material is different than for the remaining
data points.
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for the electrons (top panel). The “shell structure” with
equidistant S, P, and D states with degeneracies of 1, 2, and 3,
well known for structures grown along the [001] direction, is
recognizable for electronic states in [110]-grown structures for
high In concentration. However, for low In concentrations, the
splitting between the P-like and the D-like states decreases
significantly. In the case of the hole states (lower panel),
the situation is more complex because of the multiband
character of the hole states in these QDs (see Table I).
The S-, P-, and D-like states have different slopes as a function
of In concentration and tend to merge for the pure InAs case.
At this concentration, the ground-state hole /2y has dominant
P character (see Fig. 3).

The oscillator strengths for the excitonic transitions in
In,Ga;_,As QDs including piezoelectricity are given in
Figs. 5(a)-5(c). In Fig. 5(a) the oscillator strength has been
multiplied by a factor of 4. The labels SS, SP, PS, PP, and DD
must be interpreted with care, since the states have a significant
degree of orbital character mixing. This mixing results in a
significant oscillator strength from cross transitions, such as
SP, which are much darker in [001]-grown structures. This
feature represents a marked contrast between the [110] and
[001] QD systems.

In Fig. 5(c) we plot the degree of linear polarization

(DLP) defined as % for conventional QDs (001) and
fon =01 gy QDs grown on (110). This definition corresponds
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FIG. 5. (Color online) Oscillator strength of In,Ga;_,As QDs
including the piezoelectricity effect (a)—(c) and in GaAs QDs (d). In
(a) the oscillator strength has been multiplied by a factor of 4. The
main dominant exciton transitions have been labeled as SS, SP, PS,
PP, and DD, indicating the transitions from e to hg, e to i 5, €1 > to
hy 5, etc. The inset in (d) represents schematically the fine structure
of the ground-state (SS) transitions. The values of FSS, K, and ¢ in
different QDs are given in Table II. The DLP (%) as a function of Ga
content in QDs on (001) and (110) surfaces is given in (e).
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TABLE II. Emission energy of lower bright exciton, FSS,
dark-exciton doublet splitting (6) and the splitting (K) between
the lower bright exciton and the higher dark exciton in strained
In,Ga,_,As/GaAs and strain-free GaAs/Aly3Gay;As QDs grown on
the (110) surface.

Emission FSS $ K

QD material energy (eV) (ueV) (neV) (ueV)

Neglecting piezoelectricity

InAs 1.247 12.7 1.3 0.5
Ing9Gay ; As 1.293 54.3 3.1 58.2
IngsGag,As 1.324 56.0 1.6 88.5
Ing7Gag3As 1.345 42.5 0.9 88.5
Ing ¢Gag 4As 1.370 23.6 0.3 72.4
GaAs 1.694 48.3 7.4 922
Including piezoelectricity
InAs 1.246 18.2 34 16.5
Ing9Gay ; As 1.290 73.8 8.1 52.6
IngsGag,As 1.317 73.8 4.7 74.9
Ing7Gag3As 1.342 54.2 24 77.4
Ing ¢Gag 4As 1.366 30.7 0.8 65.9

to the DLP experimentally measured in emission at high
temperatures. The DLP is very large in QDs grown on (110)
and decreases linearly with an increase in Ga content.

The inset in Fig. 5(d) indicates schematically the fine
structure of the ground-state exciton (SS) transitions. Due to
the large HH-LH mixing in the (110) structures, the lowest
two states are not completely dark but retain an oscillator
strength approximately 800 times smaller than the oscillator
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strength we obtain for the bright states, for the IngsGag4As
QD. The values of FSSs, splitting from the lower bright exciton
to the higher dark exciton (K), and the dark-exciton splitting
(8) in different QDs are given in Table II. Our emission
energies are in good agreement with the experimental values
for In,Ga;_,As QDs,'*'337 and for GaAs QDs.!” These
experiments have not delivered values for the FSS yet, but
the observed exciton emission lines have large linewidths,
which could indicate large FSSs. We obtain large FSSs and
comparatively large dark-state splittings §. The inclusion of
piezoelectric fields has only a marginal effect on the emission
energy but a significant effect on the FSS, §, and K. The
values of FSS, 8, and K are very unusual for pure InAs
QDs, due to the P-type character of the highest-energy hole
state hg.

In summary, we studied the electronic and optical properties
of In,Ga;_, As/GaAs and GaAs/Aly3Gag7As QDs grown on
(110) substrates. There is a significant piezoelectric effect
on the electronic and optical properties of In,Ga;_,As/GaAs
QDs grown on (110)-oriented substrates. The hole states
have highly mixed orbital and Bloch function characters. The
inclusion of the piezoelectric field significantly changes the
probability distribution of the hole states. The ground-state
bright excitons are polarized along the [001] and [110]
directions, and have a large fine structure splitting. The degree
of linear polarization is large and decreases linearly with an
increase in Ga content in In,Ga;_,As/GaAs QDs on a (110)
substrate, while it is nearly zero and independent of Ga content
in QDs of similar shape and size on (001) substrates. In
strain-free GaAs/Aly3Gag7As QDs the DLP is large on both
(001) and (110) substrates.
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