Optical properties of wurtzite GaN/AIN quantum dots grown on non-polar planes: the
effect of stacking faults in the reduction of the internal electric field
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Abstract

The optical emission of non-polar GaN/AIN quantum dots has been investigated. The presence of stacking faults inside these
quantum dots is evidenced in the dependence of the photoluminescence with temperature and excitation power. A theoretical model
for the electronic structure and optical properties of non-polar quantum dots, taking into account their realistic shapes, is presented
which predicts a substantial reduction of the internal electric field but a persisting quantum confined Stark effect, comparable to
that of polar GaN/AIN quantum dots. Modeling the effect of stacking faults inside the quantum dots, which act as zinc-blende
inclusions into the wurtzite matrix, provides an additional reduction of the internal electric field.
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1. Introduction

The current interest in group-III nitride quantum dots (QDs)
is mostly related to the possibility of developing a new genera-
tion of optoelectronic devices operating in the ultraviolet wave-
length range [1]. As a matter of fact, self-assembled GaN/AIN
QDs grown in the Stranski-Krastanov mode by molecular beam
epitaxy (MBE), which present hexagonal wurtzite (WZ) struc-
ture preferably, are free of structural defects, such as disloca-
tions [2]. The great potential of these systems is somehow
frustrated by the presence of strong built-in electrostatic fields
which induce the quantum confined Stark effect [3] (QCSE),
i.e. the emission exhibits large red-shifts and the oscillator
strengths of the optical transitions are reduced considerably due
to electron and hole spatial separation. These fields are origi-
nated by the difference in the macroscopic polarization between
the dot and the barrier materials and are mainly parallel to the
polar c-axis of the WZ structure [4]. Non-polar heterostruc-
tures have been grown with the aim of reducing or suppressing
the internal electric field. In the case of non-polar quantum
wells, where the macroscopic polarization lays on the plane of
the well and undergoes no discontinuity, built-in electric fields
are completely suppressed [5]. The lack of electric field ef-
fects reported for GaN/AIN QDs grown on the a-plane by MBE
is more intriguing. These QDs present strong emission in the
UV with fast lifetimes indicating an effective suppression of the
QCSE [6, 7, 8].

In this paper we study the emission of a-plane GaN/AIN
QDs and compare it with the predictions of a theoretical model
which takes into account the realistic arrow-head shapes of
these systems [9]. The absorption spectrum is calculated us-
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ing a plane-wave expansion method and a 8 X 8 k-p model. The
comparison of polar and non-polar QD absorption shows that
the latter are still dominated by QCSE, in agreement with pre-
vious theoretical models [10, 11, 12, 13], not fitting, however,
our experimental observations. The existenee of basal plane
stacking faults within—the-QDs is revealed in the temperature
and power dependence of their emission. We show how such
stacking faults, acting as zinc-blende (ZB) inclusions, modify
the electric polarization inside the QDs and can account for ad-
ditional electric field reductions. Such reduction, united to the
effects of Coulomb correlation [12] ef the realistic shape of the
dots [9, 13], could complete the picture of the QCSE suppres-
sion in non-polar QDs.

2. Experimental results

We have investigated a sample consisting of a 18-period
multi-layer of GaN/AIN QDs grown by MBE on commercial
a-plane 6H-SiC substrate. Self-assembled GaN QDs formed by
the Stranski-Krastanow growth method at 700 °C under Ga-rich
atmosphere. The mean diameter and height of the GaN QDs are
20 nm and 3 nm, respectively. More details about the growth of
this sample can be found elsewhere [7].

The emission spectral content and the dynamics of GaN a-
QDs have been explored by time-integrated and time-resolved
photoluminescence (PL) spectroscopy. Figure 1 (a) shows the
a-QD PL spectra recorded between 30 and 300 K. We observe
that the emission peaks above the GaN band-gap energy indi-
cating an effective suppression of the QCSE, in agreement with
previous reports [6, 7, 8]. On the other hand, two transitions
can be identified (labeled as /; and X) peaking at 3.785 eV and

November 25, 2015


1
Highlight
and gives a better account of the observed optical features.

1
Cross-Out
influence

1
Cross-Out
on the QD optical properties

1
Cross-Out
and


Intensity (arb. units)

1 1 a
3.6 3.7 3.8 3.9 4.0 4.1 4.2

Energy (eV)

E T T

F A
Tl A Iy ]
*§ 10 = A X s A N
g 10° _ N A 3
2 i A
£10°F a 2
2 .0

32 = I . . -

. o X
S n
D
~ 380 - ] -~
B . ® B o
8 [m)
w3rs 4
c
. . ©
0.1 1 10
Power (mW)

Figure 1: (Color on-line) (a) PL spectra of the GaN a-QDs as a function of the
sample temperature. The upper inset shows a 100 x 80 nm? plan-view TEM
image where BSFs crossing the AIN barriers and most of the a-QDs appear as
vertical lines, as extracted from Ref. [9]. The lower inset contains an Arrhenius
plot of the intensity of the /; peak providing an activation energy of 30 + 3
meV. The dependence of the peak intensity (b) and energy (c) on the excitation
power of the /; and X transitions. The dashed line in (b) corresponds to the
linear dependence.

3.87 eV at 30 K, which evolve differently with temperature.
While /; dominates the emission at low temperatures, its inten-
sity decays rapidly as the temperature is raised, as shown by the
Arrhenius plot insetted in Fig. 1 (a). At room temperature, just
one gaussian peak corresponding to transition X is observed.
The dynamics of the PL (not shown) is also different for X and
I with decay times of 1.23 and 2.38 ns, respectively. In order
to study the dependence of the two transitions on the excitation
power, experiments have been carried out at low and room tem-
perature, when the PL is dominated by /; and X, respectively.
The power dependence of the intensity and the PL peak energies
are exemplified in Figs. 1 (b) and (c). The integrated intensities
increases with power almost linearly in both cases. The peak
energy, however, blue-shifts clearly with increasing power for
the /; transition, while being nearly constant for X. The over-
all phenomenology reported for transition /; is compatible with
that attributed to basal stacking faults (BSFs) [14, 15]. Non-
polar QDs can be often crossed by BSFs which are common in
a-plane AIN, as shown in the inset of Fig. 1 (a).

BSFs are ZB inclusions in the WZ matrix and can be re-

garded as type-II quantum wells for electrons. Holes are in the
surrounding WZ area and stay bound to the electrons thanks
to Coulomb attraction. Therefore, transition /; in Fig. 1 cor-
responds to radiative recombination of such type-II excitons.
Thermal excitation can delocalize the holes by dissociating the
exciton. The activation energy obtained experimentally, 30 + 3
meV, matches the binding energy of the exciton [14]. Increasing
the excitation power, on the other hand, leads to the band-filling
of the electron subbands, which partially screens the polariza-
tion at the WZ/ZB interface and can explain the blue-shift of
the I; PL peak [15].

3. Theoretical results

3.1. Description of the model

We have implemented a model for the optical properties of
GaN/AIN QDs with arbitrary geometry and both polar and non-
polar orientations. The first step in our model is the calculation
of the three-dimensional strain and built-in potential distribu-
tions in the dot and the surrounding barrier. Our approach to
the strain distribution is based in a reformulation of Eshelby’s
inclusions model [16]. The displacement, u(r), associated to
the relaxation of the QD inclusion within the infinite matrix is
calculated from the elastic equilibrium equation,

0 0 0

o, [c,-,-kmr)a—muk(r)} =~ax, [Pxm)] (1)
where y(r) is the characteristic shape function of the inclusion,
Ciju(r) are the elastic constants of the inhomogeneous system,
and 0-59) the initial stress, related to the initial mismatch be-
tween the lattice parameters of the matrix and the inclusion.
The analysis is simplified taking the same elastic constant val-
ues in the dot and matrix, which is a good approximation for
GaN and AIN. Since the shape of the non-polar QDs can be cru-
cial for their optical properties [13], we turn to the Fourier space
where it is always possible to obtain the analytical solutions for
i1;(q) for any QD shape. Finally, the built-in electrostatic poten-
tial is computed considering the spontaneous, P*? = (0,0, P;p),
and piezoelectric, PP* = (P}, P)", PY"), contributions for the
total material polarization. The latter are calculated assuming
homogeneous piezoelectric constants for the inclusion and the
matrix. Then, we use these polarizations and the Poisson equa-
tion to compute the built-in electrostatic potential,

i
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The electronic structure is calculated within the multi-band
envelope function approximation based on the 8 x 8 k-p Hamil-
tonian derived by Chuang et al [17] taking into account the con-
tribution of the strain field and the built-in electrostatic poten-
tial. A plane-wave expansion within the first Brillouin zone is
performed [18]. Excitonic correlation has been taken into ac-
count perturbatively. Then, for each electron-hole pair the cor-
responding exciton energy is given by Ey;; = (ES - E)) - Ep;j,
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where £}, ;; is given by the direct matrix element of the electron-
hole Coulomb interaction
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Here, ¢ (E?) and y] (E}) are the wave functions (energies) of
the j" electron state and the i hole state, respectively. We
finally obtain the absorption spectrum from the exciton ener-
gies and the computed polarization dependent dipolar matrix
elements
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where C is a constant, /uw the photon energy, I" provides a phe-
nomenological description of the line broadening, and fr rep-
resents the transition oscillator strength, defined as
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Finally, an important property of the confined electron-hole
transitions is their radiative lifetime, 7, [8]
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where n is the refraction index of the material. The parameters
used in our calculations are those of Ref [19].

3.2. Comparative study of the optical properties of polar and
non-polar GaN/AIN QDs

Two different QD orientations are studied, which involve two
distinctive QD geometries. Polar QDs, with the dot axis ig par-
allel to the c-axis (c-QDs), are modeled as truncated hexagonal
based pyramids [2], as depicted in Fig 2 (a). On the other hand,
non-polar QDs (a-QDs) have the truncated trapezoidal based
pyramidal shape [9] shown in Fig 2 (b). We shall take the z-axis
always parallel to the crystal [0001] direction. Figure 2 shows
the variation of the electrostatic potential along the z-direction
for both types of QDs. The contributions from the piezoelec-
tric and the spontaneous polarizations are explicitly displayed.
For the ¢-QD, the piezoelectric and spontaneous contributions
are found to be of similar magnitude and, more importantly, of
the same sign, resulting in a total potential that changes almost
2.4V in a length of only 4nm. Notice that, from the electrostatic
point of view, a QD of this geometry resembles a planar capaci-
tor, with its oppositely charged sheets separated a distance equal
to the QD height. Therefore, the potential difference between
the top and bottom of the QD increases almost linearly with
height. A similar analysis for the a-QD, see Fig. 2(b), conveys
very different results. First, we notice that the contribution to
the potential arising from the spontaneous polarization has al-
most the same magnitude than that for the c-QD. However, with
the image of the planar capacitor in mind, we would expect a
much larger value. The value obtained for the potential can be
partially understood through geometrical arguments: the GaN-
AIN interface along z in the a-QD is not perpendicular to the
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Figure 2: (Color on-line) Variation of the electrostatic potential components
along the wurtzite c-axis of a (a) c-QD and a (b) a-QD. The shapes of the QDs
for each orientation are sketched in the insets. The dashed arrows indicate the
lines where the potential profiles are taken from.

c-axis, leading to a reduction in the polarization charge. Ad-
ditionally, the magnitude of the potential does not increase lin-
early with distance, since the a-QD geometry hardly resembles
a planar capacitor. A second striking difference between Figs.
2(a) and (b) arises from the piezoelectric contribution to the po-
tential induced by strain which has now opposite sign due to the
differences in the strain distribution [7]. As a consequence, the
total potential is considerably reduced.

The absorption spectra of polar and non-polar QDs are com-
pared in Fig 3. The labels indicate the electron and hole states
involved in the transitions for both orientations. For the c-QD,
the absorption peaks corresponding to the ground state are well
below the GaN band-gap energy (2.922 eV and 2.930 eV). The
small energy difference between both peaks is attributed to the
band coupling included in the model. Remarkably, the opti-
cal transitions of the a-QD are just 20 meV higher than those
of the c-QD, which can be explained by the smaller volume
of the a-QD with respect to the polar case and the consequent
increase of the quantum confinement energy. Despite the sim-
ilarities in terms of energy range, we find striking differences
in the two spectra. On the one hand, the absorption spectrum
of a-QDs is three orders of magnitude weaker than that of the
c-QDs. Such a decrease in the oscillator strength is due to the
larger spatial separation between the electron and hole states in
non-polar QDs, as can be observed in the insets of Fig. 3 for
the ground states of electrons and holes confined in such QDs.
In relation with that, the calculated lifetime of the radiative re-
combination of the ground transition is 18 ms for a-QDs. This
value is four orders of magnitude greater than the lifetime of the
ground transition in ¢-QDs, (2.3 us). From the theoretical sim-
ulation we can conclude that the QCSE ends up being higher in
a-QDs than in c-QDs.
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Figure 3: (Color on-line) First transitions of the optical absorption spectra of
(a) the ¢-QD and (b) a-QD as a function of the light polarization. The labeling
for each transitions is realized by the use of the electron and hole levels. The
insets show the wavefunctions of the electron and hole ground states for the two
geometries.

4. Discussion

The almost full suppression of the QCSE evidenced exper-
imentally cannot be explained by our theoretical simulations.
This puts forward the need for other mechanisms that should
account for additional reductions of the internal electric fields in
non-polar QDs. While some authors have demonstrated that the
shape of the dots [13] or the presence of free carriers [20] can
increase the oscillator strength of the transitions or screen built-
in electric fields, no attention has been paid to the existence of
structural defects, such as BSFs, revealed in the PL spectra of
Fig. 1. The effect of BSFs is twofold: first of all, the band off-
sets between the WZ matrix and the ZB inclusion generates a
thin type-II quantum well (AE¢c = 122 meV and AEy = —62
meV) where only electrons should be confined [14]; secondly,
the lack of spontaneous polarization of the ZB phase (piezo-
electric polarizations are comparable in both phases) yields an
additional contribution to the electric field. Thus the band-
edge profiles of BSFs are those of a triangular quantum well,
as sketched in the inset of Fig. 4 (a) for a 3 mono-layer ZB in-
clusion, reproducing the calculations of Ref. [15]. If a similar
inclusion was located in the center of an a-QD, the band-edge
profiles of the QD would be modified by the BSF potential.
Figure 4 (a) shows the comparison of the a-QD confinement
potential with (solid line) and without (dashed line) the BSF.
The presence of the ZB inclusion reduces the internal electric
field in the WZ area by around 30%. Even more substantial re-
ductions of the built-in electric field are expected for thicker ZB
inclusions [15]. Therefore we can justify the suppression of the
QCSE by a combination of effects, including the presence of
BSFs. The calculated absorption spectrum of a a-QD with zero
internal electric field is displayed in Fig. 4 (b). The energy of
the transitions now matches that of the PL peak and, more im-
portantly, the oscillator strength is seven orders of magnitude
larger those obtained for c-QDs.

In conclusion, the optical properties of GaN/AIN non-polar
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Figure 4: (Color on-line) (a) Conduction and valence band-edge profiles for the
a-QD corresponding to the first states for electrons and holes containing a 3
mono-layer ZB inclusion in the z = 0 plane. (b) First transitions of the optical
absorption spectrum of electric field-free a-QD. The scale is the same as in Fig.
3.

quantum dots show a drastic suppression of the quantum con-
fined Stark effect in these systems. Theoretical calculations pre-
dict a strong reduction of the internal electric field which does
not ensure, however, an effective reduction of the quantum con-
fined Stark effect due to the orientation of non-polar quantum
dots. The computation of the potential profile of basal stacking
faults inside the quantum dots provides additional reduction of
the internal electric field. Excitonic transitions associated to
stacking faults can dominate the emission spectrum at low tem-
peratures and moderate excitation powers.
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