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We have theoretically studied type-I and type-II confinement in InAs quantum dots with GaAs;_,Sb, capping
layer. The character of the confinement can be adjusted by the Sb content. We have found that upon the transition
from type-I to type-II confinement the hole wave functions change the topology from a compact shape to a two-
segment shape, resulting in the complex changes in the exciton fine structure splitting with zero values at particular
compositions. Additionally, a high exciton radiative recombination probability is preserved even in type-II. This
allows to design strongly luminescent quantum dots with naturally low fine structure splitting, which could serve
as sources of entangled photon pairs for quantum communication.
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1. Introduction

The ability of the quantum dots to isolate and ma-
nipulate individual charge carriers and their integrabil-
ity into more complex devices make them a candidate
for various applications in field of quantum information
processing. The source of entangled photon pairs, a cru-
cial element of distinct quantum communication proto-
cols, has been proposed [1] and later realized [2] using
the biexciton-exciton radiative cascade. For this it is
important that the splitting of the bright exciton dou-
blet (so called fine structure splitting, FSS) is lower
than the transition linewidth. FSS was attributed to the
anisotropic electron-hole exchange interaction [3] which
emerges when the symmetry is lower than Dag [4]. FSS of
as-grown structures is usually by far too large and elab-
orate methods are employed in order to reduce it. The
usual lateral asymmetry is suppressed by the growth of
symmetric strain-free quantum dots [5] or by the growth
on [111] substrates [6]. Post-growth tuning of FSS is pos-
sible by means of the external electric 7], magnetic [4],
or strain field [8, 9.

Type-IT QDs confine one type of charge carriers in the
QD volume while the other type resides in a barrier and is
only loosely bound by local variations of the confinement
potential or the Coulomb coupling to the carrier inside
the QD. Here we focus on InAs QDs with GaAs;_,Sb,
capping layer (CL), in which holes are localized in the
barrier close to the vicinity of the QD. The type of con-
finement can be set by the Sb content y; the transition
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values between 0.14 and 0.18 have been reported [10, 11].
The photoluminescence of the QDs is rather strong even
in type-II regime up to y = 0.28 [12].

In this work we study theoretically the properties of
InAs QDs with the GaAs;_,Sb, CL in type-I and type-
IT confinement regimes. We have demonstrated that with
increasing Sb content the smooth crossover between type-
I and type-II regimes is induced, accompanied by the
red shift of the transition energy, the segmentation of
the hole wave function, and non-trivial changes in the
FSS magnitude and polarization of the bright exciton
transitions. We predict the possibility to prepare QDs
with naturally low FSS and efficient photoluminescence
by setting a proper Sb content.

2. Theory

The single particle states were calculated within the
eight-band k - p theory [13] using the Nextnano 3D soft-
ware package [14]. Realistic strain and piezoelectric fields
were included. Next, the exciton states were calculated
using the configuration interaction method [15] in which
the wave functions are expanded into a basis of Slater
determinants formed from the single particle states. The
matrix elements of the Coulomb Hamiltonian were cal-
culated following the approach of Refs. [3, 16].

3. Results

We consider here a lens-shaped InAs QD with the
height of 4 nm and the radius of 8 nm on GaAs substrate,
capped with a GaAs;_,Sb, layer with the thickness of
6 nm. The axis of the lens is parallel with the [001] crys-
tal axis, the related coordinate is denoted z. To induce
the crossover between the type-I and type-II confinement
regimes, we have varied the antimony content y between
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0.1 and 0.22. The bulk valence band edges of InAs and
GaAs;_,Sby, cross for yco ~ 0.15 with the InAs valence
band being higher in energy (i.e., confining the holes) for

Yy < Yco-

Fig. 1.
of the ground state of (a) electron, y = 0.10, (b) hole,
y = 0.10, (c) hole, y = 0.20, (d) hole, y = 0.22. White
circles denote the QD boundary at the height of the
base.

In-plane probability density (integrated over z)

We will first inspect the wave functions. In-plane prob-
ability densities (quadrate moduli of the wave functions
integrated over direction z parallel with the lens axis)
are shown in Fig. 1. The electrons (Fig. 1la) are local-
ized inside the QD volume, slightly elongated along [110]
due to the piezoelectric field, and remain practically in-
variant under the change of Sb content y. Holes are for
lower antimony content also localized within the QD vol-
ume (Fig. 1b) and slightly elongated along [110]. As y
increases, the hole wave function extends laterally more
into barrier (Fig. 1c). Finally, holes are expelled from
the QD volume and become confined in the GaAs;_,Sb,
layer (Fig. 1d), where their wave function forms two seg-
ments [11] located along the [110] direction, each elon-
gated along [110]. The vertical position and extension of
the holes undergo negligible variations during the transi-
tion between type-I and type-II regimes.

To describe the type-I—type-II crossover quantita-
tively, we introduce the probability of finding a particle
inside the QD volume (i.e., within InAs). It is shown
in Fig. 2a for electrons and holes. While the electron
probability displays only negligible variations of less than
1%, the hole probability gradually decreases from 85% at
y = 0.10 to 19% at y = 0.22, reaching 50% for y = 0.17
which can be thus considered as the crossover value of
the Sb content for the particular nanostructure. Never-
theless, the transition between type-I and type-II regimes
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Fig. 2. (a) Probability of finding a particle inside the

QD volume, (b) transition energy of the ground exciton
state, (c) Coulomb energy between the electron and hole
ground states.

is smooth and no abrupt changes are observed. The tran-
sition energy redshifts as the y increases (Fig. 2b) due to
the decreased potential barrier in type-I and the shift of
the confinement potential edge in type-II and some other
effects. The red shift has been already observed [17] and
theoretically explained [11]. An important consequence
of the electron—hole separation in type-II is the reduced
electron—hole Coulomb coupling. The direct coupling en-
ergy, which is equal to the binding energy of exciton and
contributes the binding energy of excitonic complexes,
is shown in Fig. 2c¢; it gradually decreases from 29 to
15 meV. The decrease is first subtle, caused by the in-
creased extension of the hole wave function that is still lo-
calized inside the QD, and becomes steeper when charge
carriers are separated and two-segmented hole wave func-
tion outside the QD is formed. A dependence of FSS on
Sb content is shown in Fig. 3. The FSS evolution is dom-
inated by the variations of the lateral symmetry of the
wave functions and further contributed by a reduction
of the exchange Coulomb coupling due to the separa-
tion of electron and hole wave function with increasing
y (the latter is responsible for a kink at y = 0.18). The
polarization properties of the exciton transitions are en-
coded into the sign of FSS: positive (negative) sign cor-
responds to the linear polarization of the lower-energy
exciton transition along [110] ([110]), respectively. Due
to the symmetry of the crystal lattice and the structure,
only these two polarizations are observed. The higher-
energy transition is linearly polarized in perpendicular
direction to the lower-energy transition. In terms of the
wave function properties the polarization direction of the
lower-energy transition corresponds to the long axis of
the elongated wave function. In symmetric lens-shaped
QDs, holes and electrons are elongated in perpendicular
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Fig. 3. FSS (thick solid line with symbols, left) and
transition probability (thin dashed line, right) between
the ground electron and hole state in the lens-shaped
QD as functions of the GaAsSb layer composition.

directions, partly compensating the overall anisotropy.
For y below 0.16, hole elongation along [110] dominates,
resulting in positive F'SS. Above 0.18, electron elongation
along [110] becomes stronger, changing the sign of FSS.
Finally, after the formation of the segmented hole func-
tion, the hole segments are also elongated along [110],
increasing the magnitude of FSS. Noteworthy, FSS ac-
quires a zero value at y ~ 0.17, which is an essential in-
gredient for the realization of the polarization-entangled
photon pairs [1]. In addition, GaAs;_,Sb, capped InAs
QDs are good emitters even in type-II regime. The cal-
culated values of transition probability for the ground
exciton recombination, shown in Fig. 3, exhibit only a
moderate decrease with increasing Sb content with a re-
duction towards 25% of the type-I value for y = 0.22.
The observations of a strong photoluminescence in type-
IT regime [12] corroborate our prediction.
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Fig. 4. FSS in the elongated lens-shaped QD as a func-
tion of the GaAsSb layer antimony content. The thick-
ness of CL is 4 nm (squares) or 7 nm (circles). For com-
parison, F'SS in symmetric lens-shaped QD with the CL
height of 6 nm is shown (dashed line).

A reduction of FSS towards zero can be achieved also
in more realistic non-symmetric QDs. In Fig. 4 we show
FSS in lens-shaped QDs elongated along [110] with the

ratio of the lateral dimensions of 1.1 for two thicknesses
of the CL (4 and 7 nm). The shape elongation causes
the large negative FSS in type-I regime. Although FSS
in type-I regime is large compared to a natural exciton
linewidth (about 4 eV for a typical life time of 1 ns [12]),
for both CL thicknesses it is reduced below the linewidth
during the crossover to the type-II regime. Thus, by set-
ting a proper composition of the GaAs;_,Sb, overlayer,
QDs with a low value of FSS can be produced.

4. Conclusions

The character of confinement in InAs quantum dots
capped with a GaAs;_,Sb, overlayer depends on the
composition of the overlayer, with the holes coupled in-
side the QD for low Sb content and outside the QD for
high Sb content. During the crossover between type-I
and type-II confinement, the lateral profile of the hole
wave functions is modified, resulting in the strong vari-
ations of the FSS. By setting a proper Sb content it
shall be possible to prepare QDs with naturally low FSS
and efficient photoluminescence, which are important for
quantum communication as the source of polarization-
entangled photon pairs.
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