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Abstract—We use a symmetry-adapted formalism to compute
the elastic, piezoelectric, and electronic properties of polar and
semi-polar dot-in-a-well (DWELL) systems. Our simulations
reveal a reduced spatial separation of electron and hole ground
state wave functions in semi-polar DWELL systems compared
to their polar counterparts. This originates in part from the
strongly reduced built-in potentials and in part from changes
in the built-in potential profile. Our findings thus indicate
superior recombination rates of semi-polar DWELLSs, making
these systems highly promising for future optoelectronic devices.

I. INTRODUCTION

The optical properties of Ill-nitride semiconductor het-
erostructures grown on polar substrates suffer significantly
from strong built-in fields, leading to a large spatial sep-
aration of electron and hole wave functions and thus to
strongly reduced recombination rates [1]. The growth of
heterostructures on semi- or nonpolar substrates represents
an attractive alternative and much research effort has been
dedicated towards semi- and nonpolar quantum well (QW)
heterostructures, recently [2], [3], [4], [5]. However, these
systems exhibit a high density of extended defects, giving
rise to unwanted nonradiative recombination [6]. This prob-
lem can be potentially solved by embedding quantum dots
(QDs) in semi- and nonpolar QWs, thus forming dot-in-a-
well (DWELL) heterostructures. In fact, this concept has been
successfully applied in In,Ga; _, As-based devices in the past,
yielding improved device performance in the spectral range of
1200 — 1400 nm [7], [8].

In the present work, we transfer this DWELL concept to
In,Ga; _xN/GaN heterostructures grown on polar and semi-
polar substrates and compare these systems. For this purpose,
we have employed symmetry-adapted formalisms to compute
elastic, piezoelectric, and electronic properties. We show that,
when varying the In content in the QD (cq) and in the
QW (cw), Ing,Ga;_c,N/In. Ga;_. N DWELL heterostruc-
tures grown on (1122)-oriented semi-polar substrates exhibit
in comparison with their polar counterparts superior ground
state wave function overlaps. This indicates that semi-polar
DWELLSs can be considered as promising candidates for future
optoelectronic devices.
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II. IMPACT OF QD AND QW IN CONTENT

We study a lens-shaped In.,Ga;_.,N QD of a diameter of
10 nm and a height of 2.5 nm, embedded in an In. Ga;_. N
QW of a thickness of 4.5 nm. For the sake of comparability,
we assume identical shapes and dimensions for both polar
and semi-polar systems. To compute elastic, piezoelectric, and
electronic properties of these DWELLs, we have employed a
symmetry-adapted k - p model [9]. All required ingredients,
such as stiffness tensor, piezoelectric polarization vector field
and (strain-dependent) Hamiltonian, were derived analytically
as a function of the inclination angle ¢ to the [0001]-direction.
The formalism was implemented within the S/Phi/nX software
library [10], [11].

We have computed strain distribution, built-in electric field,
electron and hole ground state energies and wave functions.
Based on the single-particle properties, the oscillator strength
f* can be determined as:

2
= mohw [(Tern]e - pl‘llho,/\>|2 (D

where A=(p) or (sp) denotes polar or semi-polar structures, p
is the momentum operator, and e denotes the light polarization
vector. Here we use e = 1/v/2(1,1,0)”. We then determine
f* as a normalized oscillator strength where the reference is
the oscillator strength of an isolated polar Ing 25Gag 75N/GaN
QD. In the following, we focus on an Ing 95Gag 75N-QD em-
bedded in an In. Ga;_.,N-QW within a GaN host matrix. We
discuss the localization of electron and hole ground state wave
function and (normalized) oscillator strengths as a function of
the QW In content, c.

Figure 1 shows the electron and hole ground state charge
density for the polar (top) and the semi-polar (bottom)
DWELLs for QW In contents of c,=0, 0.05, and 0.10. The
In content in the dot is again fixed at c4=0.25. For the polar
DWELL, the well-known strong spatial separation of electron
and hole wave function along the growth direction, resulting
from the large built-in potential [12], is seen for all QW
In contents cy,. This separation increases even further when
increasing cy, as the higher QW In content leads to larger
built-in potentials. For ¢y, = 0.1, both electron and hole are
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Fig. 1.

Electron (red) and hole (green) ground state charge densities in polar (top) and semi-polar (bottom) DWELLs for different In contents of the well

surrounding an Ing.25Gag.75N/GaN QD. Dashed lines indicate QD and well interfaces.

localized outside the QD already. In the semi-polar DWELL,
a smaller spatial separation is observed. Note, this separation
is not aligned with the [1122] growth direction, but rather
within the [0001]-direction. With increasing In content of the
QW, the spatial separation of electron and hole is increased,
but still much smaller than in the respective polar system. The
corresponding normalized oscillator strength f* is shown in
Fig. 2 for the polar (black solid) and the semi-polar (dashed
red) DWELL. As discussed above, the normalization is done
here with respect to an isolated polar Ing 25Gag 75 N-QD. When
comparing isolated QDs on polar and semi-polar substrates,
we find the oscillator strength of the semi-polar system to be
four times larger than the one of the polar QD. For both polar
and semi-polar DWELLS, the oscillator strength is reduced
with larger QW In content cy,, as the spatial separation of
electron and hole wave function is increased in both systems.
Nevertheless, the oscillator strength of the semi-polar DWELL
is always much larger than the one of the polar DWELL, and
for a QW In content of 10%, f°P is almost as large as the
oscillator strength of an isolated polar QD (cf. Fig. 2).

In summary, we find that semi-polar DWELLSs exhibit much
larger spatial electron and hole ground state wave function
overlaps than equivalent polar DWELLs. This makes semi-
polar DWELL systems highly attractive for novel II-nitride
based light emitters.
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Fig. 2. Normalized oscillator strength in polar (black solid) and semi-polar
(red dashed) Ing.25Gag.75N QDs embedded in QW as a function of the In
content of the QW, cy,.
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