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Tuning the Piezoelectric Fields in Quantum
Dots: Microscopic Description of Dots

Grown on (N11) Surfaces
Michael Povolotskyi, Aldo Di Carlo, Paolo Lugli, Stefan Birner, and Peter Vogl

Abstract—We theoretically investigated the elastic deformation
and piezoelectric field in InAs quantum dots grown on ( 11)
GaAs substrates. Particular attention was given to the influence
of the substrate orientation on both the volume deformation of the
dot and the strain-induced piezoelectric field. The piezoelectric ef-
fects are enhanced by the lower symmetry growth directions. The
influence of the piezoelectric fields on the electron and hole ground
states for a ( 11) quantum dot was also investigated within the
effective mass approximation. We find a significant dependence of
the fundamental transition energy on the polarity of the substrate’s
surface.

Index Terms—Piezoelectricity, quantum dot, strain.

I. INTRODUCTION

RECENT advances in growth techniques have made semi-
conducting quantum dots (QD) grown along direc-

tions a reality [1]. In contrast to the traditional (001) orienta-
tion, this geometry enables significant piezoelectric fields in
the case of polar crystals with the zinc-blende structure, such
as GaAs, AlAs, InAs, and their alloys. These fields lead to a
quantum confined stark effect, which efficiently affects the op-
tical properties of oriented devices [2]. Consequently, an
increasing number of experimental studies has been devoted to
such promising systems [3], [4]. Yet, due to the complex geom-
etry of oriented structures, few theoretical investigations
have been performed in this domain.

Heterostructures, made of materials with different lattice
constants, are subjected to elastic deformations. In the case of
(001) oriented systems, such deformations have been studied
in the framework of both the continuum mechanical model
[5], [6] and the valence force field model [7]. Piezoelectric
effects, which occur in zinc-blende crystals in the presence of
a shear deformation were also theoretically investigated for
quantum wells (QWs) [8], [9], quantum wires (QWRs) [10],
and quantum dots (QDs) [11]. A number of theoretical studies
were devoted to the electronic properties of semiconductor
nanostructures. They were performed in the framework of the
envelope function approximations [11], as well as in more
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refined approaches developed recently, such as the empirical
tight-binding method [12], [13] or the empirical pseudopoten-
tial method [14]. The electronic structure of GaAs/AlGaAs

oriented superlattices and unstrained quantum wires was
studied in the framework of theory [15], [16]. In a similar
approximation, the effect of strain on the optical properties of
a bulk -oriented system was studied by Henderson and
Towe [17].

In this paper, we focus on the influence of strain and piezo-
electric fields on the electronic properties of oriented
QDs. The paper is organized as follows. In Section II, we
describe the physical model and methods of numerical calcula-
tions, which we apply in Section III to particular examples of a
QD; Section IV summarizes our results.

II. THEORY

A. Elastic Deformations and Piezoelectric Fields

We calculated the elastic deformation of our model structures
by using a continuous medium model [5], [6]. In this approach,
we consider the small displacements of the material points ,
which are derived from the local tensor . Since
only the symmetric part of describes “pure” deformations
without rotation, the strain tensor is defined as

(1)

As for the boundary conditions, we use the mechanical equilib-
rium condition, written for the case of vanishing external forces

(2)

where is the stress tensor, which is related to the strain tensor
(1) by Hooke’s law

(3)

The tensor , referred to as elasticity tensor, is a bulk mate-
rial property. It is usually defined in the crystallographic coor-
dinate system, but in our case it is more convenient to work in
a “growth-oriented” basis whose axis is parallel to the growth
direction. This new set of coordinate axes is, in the case of

structures

(4)
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With this choice, the elasticity tensor must be transformed to the
new system (4) according to the rule

(5)

where is a rotation matrix whose rows are equal to the nor-
malized basis vectors (4). For materials with cubic symmetry, it
can be shown that the resulting elasticity tensor has eight zero
components among its 21 independent ones. These are namely

, , , , , , , and .
In order to define the model QD structure, which consists of

materials with different lattice constants, we assume a coherent
growth, so that all distinct lattices are perfectly matched at the
interface [9]. We used the following computational procedure
in order to solve (2), while imposing the lattice matching condi-
tions. First we map a rectangular nonhomogeneous simulation
grid over the whole structure in such a way that all the material
interfaces coincide with the grid lines; we then introduce a “lat-
tice matching” deformation which transforms any unstrained
unit cell of the QD material in order to match it to the substrate
material’s lattice:

(6)

if belongs to the QD or wetting layer
otherwise

(7)

where the are the displacements additional to the “lattice
matching” deformations, and and are the substrate and
QD lattice constants, respectively. Finally, the equation of
equilibrium (2) takes the following form:

(8)

where . Equation (8) is a partial differential equa-
tion of the second order with respect to the displacements .
It is discretized by using the box integration method and reduced
to a linear system with a sparse matrix.

We then calculated the piezoelectric polarization, which is
linearly related to strain

(9)

where the are the piezoelectric tensor components. Due to
the cubic symmetry of zinc-blende crystals, the nonzero ’s,
in the crystallographic coordinate system, are only related to
shear deformations. In the coordinate system (4), however, diag-
onal components of the strain tensor may also contribute to the
piezoelectric polarization. In this paper, we neglect the converse
piezoelectric effect [18], and use the polarization to obtain the
electric potential from the Poisson equation

(10)

where is the dielectric constant. Here, we consider that there
are no free charges in the structure, thus the built-in electric field
may originate only from a piezoelectric charge .

B. Electron and Hole Eigenstates

We investigated the electron and hole eigenstates in our model
QD structures within the effective mass approximation (EMA),
and considered only the lowest conduction band for electrons

Fig. 1. Schematic drawing of our model system: quantum dot, WL, and
substrate.

and the highest valence band for holes. Strain-induced shifts
of the conduction band depend only on the hydrostatic part of
the strain: . Here, the influence of strain
on the electron effective mass was neglected and, therefore, an
isotropic effective mass was considered. The band shifts and the
effective mass tensor for the highest valence band are obtained
from the Bir–Pikus 6 6 Hamiltonian [17], [19]. In our ap-
proach, the hole effective mass is position dependent. At a given

point, is the effective mass of the bulk semiconductor,
subjected to the homogeneous strain . The electron and hole
eigenstates were obtained as the solutions of the one-particle
Schrödinger equation:

(11)

where , , , are the conduction (valence) band effective
mass, electron (hole) charge, conduction (valence) band edge
energy, and piezoelectric potential, respectively. Equation (11)
is discretized over a rectangular nonhomogeneous grid by using
the box integration method. The problem is then reduced to the
diagonalization of a Hermitian sparse matrix.

III. RESULTS AND DISCUSSION

We consider as our model system an InAs quantum dot
structure grown on an -oriented GaAs
substrate. The dot has the shape of a symmetric truncated tetra-
hedral pyramid, standing on a wetting layer (WL), embedded
in a GaAs matrix (see Fig. 1). The two bases of the pyramid are
squares of a size 10 10 nm and 2 2 nm. The WL thickness
is 1 nm, and the dot height is 4 nm. The theoretical approach
presented here has been implemented in Next software
[20]. The material parameters were taken from [21]. Note that
more complex but still pyramidal shapes were reported by
Temko et al. for InAs/GaAs dots grown by molecular-beam
epitaxy [22].

A. Strain Distribution in a QD

Contour plots of the diagonal strain components in two
perpendicular cross sections are shown in Fig. 3, for the
growth direction. The results are qualitatively the same for any

-like direction. The plots indicate that both the QD and
WL materials are compressed in the and directions ( ,
are negative), in agreement with the relative values of the lattice
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Fig. 2. Tr(" ) along the QD symmetry axis a (see Fig. 1) calculated for four
different orientations of the substrate: (111), (211), (311), and (100). The WL
and QD location is indicated.

constants of InAs and GaAs. As far as the is concerned,
the situation is quite different: whereas the two-dimensional
WL is tensile stressed in the growth direction, the QD region
is compressed, because the lateral faces of the pyramid are
also subjected to the compression. Interestingly, the strain
distribution is symmetric in the plane [Fig. 3(b)] and is
not symmetric in the plane, despite the symmetric QD
shape [Fig. 3(a)]. The loss of symmetry in the latter case is due
to the fact that the and directions do not coincide
with the high-symmetry axes of a cubic crystal. Still, for any
structure having a symmetry plane perpendicular to the
axis, the , , , and components of the strain tensor
are even functions with respect to the transformation
[see Fig. 3(b)], whereas and are odd functions.

In order to compare the strain distribution for different
growth directions, we plotted along QD symmetry axis
for and substrate orientations (see
Fig. 2). The last case corresponds to . In the case of
the growth direction, the WL is less compressed than
the pyramid. With the reduction of , the WL is getting more
stressed, and in the limiting case of the growth direction,
it is compressed even more than the QD. Thus, it is possible to
“relax” the QD region with respect to the WL by varying its
growth direction. Such a behavior is due to the difference in the
elasticity modules for different bases [see (5)].

B. Piezoelectric Fields in a QD

The piezoelectric charge density, calculated for a (211) ori-
ented QD, is shown in Fig. 4. Due to the nature of the piezo-
electric effect, the sign of the piezoelectric charge depends on
the atomic composition of the interfaces [2]. We thus have to dis-
tinguish between the substrate’s Ga planes, referred to as
A-plane, and the As planes, referred to as B-plane. From
the computational point of view, these two cases differ in the
sign of the piezoelectric tensor [see (9)]. In Fig. 4, the
charge density is plotted for a (211)A substrate. There are two
reasons for the piezoelectric charge existence, namely, the dis-
continuity of the piezoelectric constant at the interfaces and the

Fig. 3. Distribution of the diagonal strain components in two perpendicular
QD cross sections. The intersecting planes, schematically shown in the right
lower corners, have (01�1) and (�111) crystallographic orientation, respectively.
Both planes contain the QD symmetry axis a (see Fig. 1). InAs/GaAs interfaces
are indicated by white dashed lines.

Fig. 4. Contour plot of the piezoelectric charge density in the two cross
sections of a QD: a) (�111)-plane and b) (01�1)-plane (see Fig. 3). The QD is
grown on (211)-oriented A-type substrate (see text). The units are 10 e/cm .

nonzero gradient of strain. This explains the big charge density
at the interfaces that corresponds to a surface charge. In addi-
tion, there is a volume charge inside the QD, where the strain
is highly nonhomogeneous. We find that the piezo-charge dis-
tribution in a QD has a dipole symmetry, rather than the
quadrupole symmetry that was reported by Stier et al. [11] for
a (100) oriented QD.
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Fig. 5. Piezoelectric potential along the QD symmetry axis a (see Fig. 1)
calculated for three different orientations of the substrate: (111) A, (211) A and
(311) A. The QD location is shown.

In Fig. 5, we show the piezoelectric potential dependence
on the growth directions (the potential is calculated along
a QD symmetry axis). We note that the piezoelectric field has
the highest magnitude for the (111)A growth direction. The field
gets smaller with increasing , and finally vanishes for the case
of the (100) growth direction (not shown here).

C. Electron and Hole States

Our model enables us to consider two effects on the electron
and hole states, namely, the effect of strain and the effect of the
piezoelectric charge. The effect of strain in our model does not
depend on the substrate termination type, but the piezo effect
does. In order to estimate the role of the piezoelectric field, we
calculated the fundamental transition energy without any piezo-
electric field, and with the field for both the A and B substrate
type (see Table I). The energy shift due to the piezoelectric field
has a different magnitude for the case A and B substrate termi-
nation. This is because the electric field can increase or decrease
the electron/hole space separation that already exists due to the
strain. This shift is negligible (less than 1 meV) for (100)-ori-
ented structures and reaches a value of more than 10 meV for

orientations.
The energy shift reported by Sanguinetti et al. [2] is always

positive, regardless of a substrate type. The discrepancy is, prob-
ably, an evidence of the fact that the geometry of experimentally
investigated QDs is different from the model one. Always posi-
tive energy shift can occur if the effect of piezoelectric field on
the electron/hole separation is dominant with the respect to the
effect of strain and geometry. Also, our model could be made
more exact by considering of a band-mixing effect for the hole
state description. This could be done, for example, in the frame-
work of perturbation theory. We expect that the main effect
of the light hole band included in the basis would be a slight low-
ering of the hole eigenenergy.

TABLE I
FUNDAMENTAL TRANSITION ENERGY (EV)

IV. CONCLUSION

We investigated the structural and electronic properties of
InAs QD systems grown on oriented GaAs substrates. We
obtained a nonsymmetric strain pattern, as well as an increasing
piezoelectric field, for high-index orientations. Our calculations
also demonstrate that by varying the growth direction and the
substrate termination type, it is possible to tailor the built-in
electric field, and, therefore, the optical transition energy of
these QD systems.
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