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Abstract—The distribution of hydrostatic strains in Bi**-doped InAs quantum dots embedded in a GaAs
matrix are calculated in the context of the deformation-potential model. The dependences of strains in the
material of spherical InAs quantum dots with substitutional (Bi — As) and interstitial (Bi) impurities on the
quantum-dot size are derived. The qualitative correlation of the model with the experiment is discussed. The
data on the effect of doping on the morphology of self-assembled InAs:Bi quantum dots in a GaAs matrix are

obtained.
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1. INTRODUCTION

In recent years, a new approach to controlling the
properties of semiconductor quantum-dot (QD) het-
erostructures has been developed. The approach is
based on the introduction of a single impurity atom
into a QD [1]. This problem is prospective for present-
day optoelectronics, specifically, for the production of
single-electron devices that may find application in
quantum computers [2]. Progress in the development
of nanotechnology and the physics of nanostructures
has led to the practical implementation of various
types of optoelectronic devices based on InAs QD
arrays on wide-gap GaAs substrates [3—6]. One of the
ways of forming ordered QD arrays is via the self-
assembly of QDs on the crystal surface. The kinetics of
epitaxial growth and the distribution of strains in the
QD—matrix system influence the QD size, shape, and
arrangement in the matrix [6—8]. The extraordinary
properties of QD structures reveal themselves, only if
the QDs are as uniform in size and shape as possible
and the QD array is of high density (about 10! cm—2).
Therefore, the main problem in growing QDs is to
control their morphology: the average size, density,
uniformity, etc. All of these QD characteristics can be
controlled by varying the technological parameters of
the growth process [9—11]. Another approach to con-
trolling the properties of QD semiconductor hetero-
structures is based on the introduction of a single
impurity atom into a QD [1, 2]. Isovalent doping of
single-crystal materials is an important technique for
solving many practical problems. One of them these is
the removal of uncontrollable impurities from 11—V
compounds with the Bi isovalent impurity [12, 13]. In
this context, it is of importance to gain a deeper under-
standing of the mechanism for the formation of InAs

QD arrays upon isovalent doping with Bi during
growth and to produce highly homogeneous QDs. For
this reason, a topical problem is the development of an
analytical model of a strained InAs QD containing an
isovalent impurity. This model must describe the fol-
lowing physical phenomena:

(i) the effect of the strain-induced diffusion of
adsorbed atoms on the QD size and shape;

(ii) the interactions of the field of local strains with
the InAs QD array during its formation and the effect
of these interactions on the QD size, shape, and
arrangement in the matrix.

Thus, the purpose of this study is to describe the
effect of the Bi isovalent impurity in an InAs QD on
the formation and morphology of InAs QDs in the
InAs/GaAs system in the context of the deformation-
potential model. In this paper, we report the results of
studying an InAs/GaAs nanoheterosystem containing
spherically symmetric strained InAs QDs with a Bi
isovalent impurity.

2. MODEL OF A STRAINED QD
WITH AN IMPURITY

The formation of strained QDs in a strained nano-
heterosystem by the Stranski—Krastanov mechanism
[14] occurs in two stages. In the first stage, a strained
pseudomorphous InAs layer grows. As the layer
reaches a critical thickness of 1.5—1.7 monolayers
(MLs), the second stage begins: the pseudomorphous
InAs layer is spontaneously decomposed into a system
of crystalline QD islands and an InAs wetting layer
with a thickness of about 1 ML [15]. Such decomposi-
tion is induced by the relaxation of elastic strains pro-
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Fig. 1. The model of a strained spherical QD.

duced in the heteroepitaxial system with a lattice mis-
match

InAs GaAs
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a

and with different coefficients of thermal expansion
for the GaAs substrate and the InAs epitaxial layer

(™ =45x 106K, a ™ =5.9x 106 K~! [16]).
The maximal decrease in the free energy of the system
is reached at a certain (pyramidal) shape and certain
dimensions of the emerging three-dimensional (3D)
QD islands. In real systems, the shape and size of indi-
vidual QDs deviate from the corresponding equilib-
rium parameters because of nonuniform strains pro-
duced in the heterosystem.

In the system of strained islands, there exist two
sources of the elastic-strain fields: on the one hand,
there is a lattice mismatch between the QD and sub-
strate materials and, on the other hand, there is a step
in the surface-tension tensor at the island edges. Cor-
respondingly, the elastic energy is equal to the sum of
the energy of elastic relaxation in the bulk, the energy
of elastic relaxation at the island edges, and the energy
of interaction of the two elastic fields [17].

In this study, we consider QDs that do not exhibit
any well-pronounced crystallographic faceting. Spe-
cifically, we consider QDs, whose shape corresponds
to almost spherical symmetry. For example, in the
InAs/GaAs(001) heterosystem, such QDs are formed
at thicknesses of the growing InAs layer of about 2 ML
[15, 18]. Therefore, in what follows, the contribution
of the island edges to the energy of elastic relaxation is
disregarded.

In order to reduce the problem for a large number
of QDs to that for one QD, we use the following
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approximation: the energy of pairwise interaction
between QDs is replaced by the energy of interaction
of each QD with the averaged (effective) field of elastic
stresses o Of all other QDs.

The lattice constant of the InAs material to be
grown (a; = 6.08 A [19]) is larger than that of the GaAs
matrix (a, = 5.65 A [19]). For this reason, upon epi-
taxial growth of the InAs material on the GaAs layer
within the limits of pseudomorphous growth, the InAs
material experiences a compressive strain, whereas the
GaAs layer experiences a stretching strain. Thus, a
spherical QD of radius R, can be represented as an
elastic dilatation microinclusion shaped as a sphere
(thin solid line in Fig. 1) and placed into a spherical
cavity in the GaAs matrix (dashed line in Fig. 1). The
volume of the cavity is smaller than that of the micro-
inclusion by AV.

In order to place such a spherical microinclusion
into the above-mentioned cavity, it is necessary to
compress the microinclusion and to stretch out the
surrounding GaAs matrix in radial directions. The
result of the simultaneous influence of strains in the
contacting nanomaterials (thick solid line in Fig. 1)
can be described by the change in the volume AV in
terms of the parameter f[20]:

AV = fARR,. (1)

Let us consider a spherical QD of radius R, embed-
ded into a semiconductor matrix of radius R,. Let us
assume that an isovalent impurity is located at the cen-
ter of the sphere.

To determine the strain tensor components 85,'3 , we
must determine the explicit form of the atomic dis-
placements ufl) and ufz) in the InAs and GaAs mate-

rials, respectively. For a QD with an implanted impu-

rity, the equilibrium equation is [20]

Vdivu = -D,F"(r),
_(I+vp(1=2vy)

b E(l-v)

2AQ A 2

(C(lll) + 2C(112) lre n,
32 5
3n ry

FO =

i

Here, FO is the volumetric force produced by the
impurity in the QD; AQ is the change in the volume of
the QD material due to the embedded isovalent impu-
rity; ry is the effective radius of the impurity atom; and
v;and FE; are, correspondingly, the Poisson coefficients
and the Young moduli of the QD material and the sur-
rounding matrix. The parameters v; and E; can be
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expressed in terms of the elastic constants Cﬁ? and C<1'2)
of these materials in a well-known manner [20].
In the spherical coordinates, the solution of Eq. (2) is

L0 _ oy Co_ADie ™ AD JRREr(r/r)
ro - 1 ) ) ’(3)
r 4r 8r
0<r<R,,
where
= 20Q n b
A= 25 i),

ro

Since the displacement at the point » = 0 must be
finite, we must set C, = 0 in the solution (3).

The atomic displacement in the GaAs matrix is
C
u£2) = C3r+—34, ROS"SRI’
r
The field of displacements defines the strain tensor

components as follows:

AD (P +r)e " AD, JrrEri(r/ry)

82):(:1"‘ 3 3
2r 4r
r/r
eV = o0 = o _ADire " AD JanErf(r/ry)
° 47 8r'
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”
The coefficients C,, C;, and C, can be determined
by solving the system of boundary conditions

2
anRo(u,”| _ -l ) = Av,
(1)
1) ) B _ 2ye
Gy r=R, = G, r=R, PL’ PL - RO s (4)
()
Gy r=R, = Gef-

Here, the left-hand side of the first of Egs. (4) is the
geometric difference AV between the volume of the
microinclusion and that of the cavity in the GaAs
matrix (Fig. 1); P, is the Laplace pressure; and 2ye" is
the surface energy of the InAs QD. This surface energy is
a function of the surface stress and strain of the QD [21]:

(1) (1) (@] (1 (1)
= Y(O)"'ZG + = zg (D)sjer +

ljk/
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( )

Here ¢;; ) and G( are, correspondingly, the strain ten-

sor and the surface-stress tensor for the QD and s,jk, is
the second-order stress tensor.

The stresses G( ) and Gﬁf) in the QD and matrix

materials are determined as [22]
(i) _ E

GI‘I‘ = _....__....___...L__....___..—
(I+v)(1-2v) (%)

x[(1=v)e? +v, (8(') +e50)].

3. RESULTS AND DISCUSSION

The strain tensor components for the InAs/GaAs
nanoheterosystem with strained InAs spherical QDs
containing an ionized Bi impurity were calculated
with the following parameters [16, 19, 21]:

C\)) = 0.833 Mbar, C\)) = 0.453 Mbar,
C'? =1.223 Mbar, C'2 = 0.571 Mbar;

Diy) = 1.088, D) = 0.934;
=0.567 Nm™!; c.,5=10°Nm2
R, =500 A.
The calculations were performed for two cases:
(i) the Bi** impurity ion substitutes a host As** ion and
(ii) the Bi impurity occupies an interstitial position in
the InAs semiconductor material. In case (i), the Bi**

ion radius (r, = 0.12 nm) is larger than the As** ion
radius (4, = 0.069 nm), resulting in an increase in the

QD volume by AQ = gn(ré—

7(0)

ris). In case (ii), the

increase in the QD volume is AQ = aéi [23], where
ag; = 0.475 nm is the Bi lattice parameter.

Figures 2 and 3 show the distribution of the hydro-
static strain Sp ¢(r) in the InAs QD material with the
Bi** impurity which substitutes the host As atom
(Fig. 2) or occupies an interstitial position (Fig. 3).

In both cases, the impurity is the center of stretch-
ing, and the strain reverses its character in the vicinity
of the impurity. With increasing distance from the QD
center, the hydrostatic compressive strain of the QD
material steadily increases to a value that is virtually no
different from that of the impurity-free QD material,
in which the compressive strain is caused by the lattice
mismatch between the contacting materials. In case (i),
the stretching strain produced in the vicinity of the
impurity is higher in magnitude and more localized
around the QD center. This is attributed to the much
smaller effective range of elastic action of a substitu-
tional defect in comparison to that of an interstitial
atom (ry — Fas << ag;)-
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Fig. 2. Hydrostatic strain of the InAs QD material with a

substitutional Bi** impurity for different QD radii: Ry =
(1)2,(2)5and (3) 8 nm.

The steadily decreasing dependence SpeV = f(R,)
results from the fact that the effect of surface forces of
the Laplace pressure (formula (4)) is less profound for
QDs larger in size.

From Figs. 2 and 3, it follows that, because of the
impurity in the QD, the distribution of strains is spa-
tially inhomogeneous, which brings about the appear-

ance of a force F(x) = ed‘?—%-—-(") acting upon the defect
X

[24]. This force induces an additional strain-induced
DO,0e(x)
kT 0x
velocity of atoms that move due to the strain gradient
in the QD (D is the diffusion coefficient, k is the Bolt-
zmann constant, 7 is temperature, 0, = K,AQ is the
deformation potential, and K is the elasticity modu-
lus). The direction of the atomic flux depends on the
signs of the deformation potential and strain gradient;
i.e., defects that are stretching centers (6, > 0) are
accumulated in the region of relative stretching strains
in the material, whereas defects that are compression
centers (0, < 0) are accumulated in the region of rela-
tive compressive strains. Since the covalent radius of
In is larger than that of Ga, the In atoms can be con-
sidered as stretching centers. The strain-induced flux
opposite in direction to the normal gradient-related
flux promotes the localization of In atoms in the QD
and, correspondingly, limits their migration mobility.
This effect is bound to manifest itself as an improve-
ment in the uniformity of the size of QDs, which is
observed experimentally [25].

In addition, the Bi impurity embedded in the QD

atomic flux j, = vN, where v = s the

changes the average strain (€ = 4—; :OSps(r)rzdr,
where V'is the QD volume) and, correspondingly, the
surface energy of the array of coherently strained
3D islands. In [3], it was shown that the character of
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Fig. 3. Hydrostatic strain of the InAs QD material with an
interstitial Bi>* impurity for different QD radii: Ry = (/) 2,
(2) 5and (3) 8 nm.

the dependence of the surface energy on the island size
depends on the parameter o (formulas (14), (15)
in [3]) which is equal to the relative change in the sur-
face energy upon the formation of one island. The
change in the strain due to the Bi impurity yields a
decrease in the parameter o and, consequently, the sys-
tem of islands becomes more stable to coalescence [3].

4. CONCLUSIONS

In this study, a theoretical model of strains in
spherical QDs doped with an isovalent impurity is
developed. This model allows a qualitative explanation
of the experimental data on the production of an array
of homogeneous InAs QDs doped with Bi [25]. Bis-
muth is an electrically inactive impurity; i.e., it does
not increase the charge-carrier concentration. How-
ever, bismuth substantially modifies the conditions of
QD formation by inducing a diffusion-strain flux. In
this case, the function of bismuth is to limit the migra-
tion mobility of In and As atoms upon the self-assem-
bly of the QD layer and to influence the surface energy.
It is established that it is possible to substantially sup-
press the coalescence process and, in this way, to
improve the degree of size uniformity of the islands, if
InAs is doped with the Bi impurity isovalent to As dur-
ing deposition. Thus, doping of the InAs QD layer
with Bi during its formation and self-assembly on the
GaAs surface facilitates the growth of islands (QDs)
more uniform in size. Further development of the
model will involve consideration for the role of the
wetting layer and for the influence of the Bi dopant
impurity on dislocated clusters that are the main
defects in QD heterostructures.
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