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Built-in field reduction in InGaN/GaN quantum dot molecules
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We use a tight-binding model to study the electronic structure of InGaN/GaN quantum dot
molecules grown along the c-axis. This analysis is carried out as a function of the barrier thickness
between the two non-identical dots. Our results show that the built-in field is effectively reduced in
systems of coupled nitride quantum dots, leading to an increased spatial overlap of electron and
hole wave functions compared to an isolated dot. This finding is in agreement with experimental
data reported in the literature and is directly related to the behavior of the built-in potential outside
C 2011 American Institute of Physics. [doi:10.1063/1.3665069]
an isolated dot. V
The semiconductor materials InN, GaN, and AlN and
their alloys have attracted considerable attention due to their
promising applications in optoelectronic devices such as
light-emitting diodes (LEDs) and laser structures.1 Depending on the alloy composition, these systems are in principle
able to cover a wide wavelength range from ultra-violet to
infrared.1 For energy-efficient solid state lighting, which
combines output from blue, green, and red LEDs, InGaN
alloys are promising candidates, since the assistance of phosphor is theoretically not required for a white light source.1
While nitride-based heterostructures have already been utilized in blue LEDs (Ref. 2) and lasers,3 the emission efficiency of c-plane InGaN/GaN quantum wells (QWs) drops
significantly when going to longer wavelengths through the
use of higher In composition or thicker QWs.1 One of the
main reasons for this behavior is the strong electrostatic
built-in field in nitride-based heterostructures grown along
the c-axis.4
One strategy to reduce the built-in field in nitride-based
optoelectronic devices is to replace QWs by quantum dots
(QDs), since the built-in potential in a QD compared to a
QW of the same height and composition is significantly
reduced.5,6 The In composition can, therefore, be increased
in a QD compared to a QW, enabling efficient recombination
to longer wavelengths. Different authors7 have recently demonstrated that InGaN-QD-based LEDs and lasers, operating
in the amber and green spectral region, show superior performance compared to their QW-based counterparts. In the
active region of the laser structures, stacks of InGaN QDs
have been used.
Experimental data indicate that, compared to a single
nitride QD, a vertical stacking of nitride dots leads to
enhanced photoluminescence (PL) efficiency and efficient
emission at room temperature.8 Small barrier thicknesses
(D  2 nm) have been chosen to achieve a stronger coupling
between the QDs along the c-axis.8 In the experimental study
in Ref. 9, the influence of the distance D between the dots in
a stack of InGaN QDs was analyzed, showing that, with
increasing D, the PL red-shifts and the PL lifetime increases.
This indicates an increase in the magnitude of the built-in
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field with increasing D. Thus, understanding the mechanisms
of inter-dot coupling is important not only for fundamental
properties of coupled nitride QDs but also for designing
nitride-based devices.
Here, we present a detailed analysis of the electronic
structure of an InGaN/GaN QD molecule (QDM) based on a
tight-binding (TB) model, and taking strain and built-in
fields into account. The influence of the barrier thickness D
between the two QDs is studied in detail. In the following,
we consider QDs identical in size and shape but different in
their composition. The difference in In composition mimics,
therefore, already the effects (changes in confinement
energy, strain, and built-in fields), which can also arise from
a change in the QD geometry. Since the average diameter of
InGaN QDs scatters around 15–25 nm while the average
height is approximately 2–6 nm,9,10 we assume a diameter
d  19.2 nm and a height h  3.1 nm for both QDs. We
assume here lens-shaped QD geometries.10 There is no
detailed measurement on the variation of the In content in
stacked InGaN QDs. However, the analysis of coupled
InGaAs QDs shows that, due to strain relaxation in the structure, the In composition of the upper QD is higher than in
the lower one.11 Since InGaN QD structures with 20%–25%
In have been reported in the literature,12 we assume an In
content of 20% in the lower dot and 25% in the upper dot.
Based on the experimental data in Ref. 13 and the discussions in Ref. 9, we assume a vertical stacking of the two
QDs.
The electronic structure of this InGaN/GaN QDM is calculated using a sp3 TB model.14 The TB parameters for
InxGa1xN are obtained from a modified virtual crystal
approximation,15 which allows us to take the band gap bowing into account. Such an approach has been often used to
calculate the electronic structure of alloyed semiconductor
materials.15,16 The strain dependence of the TB matrix elements is included via the Pikus-Bir Hamiltonian17 as a sitediagonal correction. In doing so, the relevant deformation
potentials are included directly without any fitting procedure.
The deformation potentials for InN and GaN are taken from
Ref. 18, and a linear interpolation is used to obtain the parameters for InxGa1xN. The built-in potential /p arising
from spontaneous and piezoelectric polarization is also
included as a site-diagonal contribution in the TB
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Hamiltonian. Strain and polarization fields are calculated
using a surface integral method,19 with a linear interpolation
for all parameters except for the spontaneous polarization,
where we apply a quadratic interpolation.20 When modeling
the electronic structure of coupled c-plane nitride QDs, the
sign of the shear piezoelectric coefficient e15 becomes important, since it affects the behavior of /p outside a single QD.21
In the literature, positive as well as negative values are
reported.22 Our detailed analyses of wurtzite piezoelectric
coefficients strongly support e15 < 0,22 in agreement with
recent experimental data.23 We have, therefore, chosen
e15 < 0.21
Here, we study the electronic structure of the InGaN
QDM as a function of the barrier thickness D. In accordance
with recent experimental data9 on stacked InGaN QDs, we
use the values of D  1, 2, 4.1, 6.2, and 8.3 nm. In a first
step, we look at the single-particle electron ðwe1 Þ and hole
ðwh1 Þ ground state wave functions. Figure 1 shows the charge
densities of we1 and wh1 as a function of D. The light (blue)
and dark (red) isosurfaces correspond to 10% and 50% of the
maximum values, respectively. When looking at the results
in detail, we find a ground state switching for the holes. For
D  1 nm, wh1 is localized in the lower QD (In0.2Ga0.8N QD)
while we1 is localized in the upper dot (In0.25Ga0.75N QD).
For larger values of D, both wh1 and we1 are localized on the
upper dot. The reason for this switching originates from the
behavior of the built-in potential /p above and below an isolated QD. Outside the QD, /p quickly returns to zero along
the c-axis and changes sign a few nanometer away from the
dot along the c-axis,21 affecting, therefore, /p in a QDM.
Line-scans through the center of the QDM along the c-axis
for different D are shown in Fig. 2. The behavior of /p can
be understood when superimposing built-in potentials of the
two isolated QDs with their base centered at z ¼ 0 and
z ¼ h þ D, where h is the height of the lower QD.
The results for the isolated QDs are given by the
dashed-dotted line and the dashed line, respectively. In the
case of D  1 nm (a), the magnitude of /p in the upper
(lower) QD is reduced at the bottom (top), and almost
unchanged at the top (bottom) compared to an isolated QD.
Therefore, the electron wave functions could be expected to
be localized at the top of the upper QD, while the hole states
are expected to be localized at the bottom of the lower QD.

FIG. 1. (Color online) Probability densities of the electron and hole ground
state wave functions we1 and wh1 , respectively, for different barrier thicknesses D. The lens-shaped QD geometry is indicated by the shaded area.
The light (blue) and dark (red) probability density isosurfaces correspond to
10% and 50%, respectively, of the maximum value. Upper QD:
In0.25Ga0.75 N; Lower QD: In0.2Ga0.8N.
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FIG. 2. (Color online) Built-in potential /p (solid black line) in a c-plane
QDM of two non-identical QDs (lower QD: In0.2Ga0.8N; upper QD:
In0.25Ga0.75N) for a line-scan through the center of the QDs along the c-axis
and for different barrier thicknesses D between the QDs. The (blue) dasheddotted line and the (red) dashed line indicate the results for isolated QDs.

This is exactly the result we obtain from our TB analysis
[cf., Fig. 1]. For D  2 nm, the change in sign in /p outside a
single QD becomes important. For D  4.1 nm, /p is slightly
reduced in magnitude at the top (bottom) of the upper
(lower) QD, while increased in magnitude at the bottom
(top) of the upper (lower) QD [cf., Figs. 2(c) and 2(d)]. In
the case of D  2 nm, /p is decreased in magnitude at all
four interfaces [cf., Fig. 2(b)]. From Figs. 2(b)–2(d), one
could expect that we1 is localized at the top of the upper QD,
while wh1 is expected to be localized at the bottom of the
upper QD. Again, this is in accordance with our TB results
[cf., Fig. 1]. Note that the situation is different for two identical QDs. Here, /p breaks the symmetry between the dots.
For the D values studied, we1 and wh1 are always localized on
different QDs (not shown), leading to a negligible spatial
overlap, contrary to the experiment.8,9
The behavior of /p affects also the ground state transition energies EQDM
¼ Ee1  Eh1 , where Ee1 and Eh1 are ground
g
state energies for electrons and holes, respectively. Figure 3
as a function of D (dashed line). The result is
displays EQDM
g
of a single
compared to the transition energy EQD
g
In0.25Ga0.75N QD (dashed-dotted line). Figure 3 also displays
the normalized squared dipole matrix element jd~11 j2 (solid
QDM 2
QD 2
a
j =jd11
j , with d11
¼e
line), defined by jd~11 j2 ¼ jd11
pﬃﬃﬃ
e
h
hw1 je0 rjw1 i, where e ¼ 1= 2ð1; 1; 0Þ is the light polarization vector and e0r the dipole operator (e0: electron charge).
The dipole matrix elements of a single In0.25Ga0.75N QD and
QD
QDM
the QDM are denoted by d11
and d11
, respectively.
When looking at Fig. 3, we find that the energies EQDM
g
are blue shifted with respect to EQD
g . This behavior can be
attributed to the reduction of the biaxial compressive strain
in the upper dot compared to an isolated QD. Additionally,
an effective reduction of /p in the QDM compared to a single dot leads to a blue-shift in EQDM
. This effective reduction
g
of /p also increases the spatial overlap of electron and hole
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be effectively reduced compared to a single QD, leading to
an increase in the spatial overlap of electron and hole wave
functions. These results are in qualitative agreement with experimental data8,9 for stacked nitride QDs, where PL measurements show reduced recombination lifetimes indicative
of an increased spatial overlap of electron and hole wave
functions. Furthermore, due to the behavior of the built-in
field in a system of stacked QDs, the distance between the
two QDs can be used to engineer the optical recombination
rate. Therefore, our analysis indicates the potential of
stacked nitride QDs for high efficiency light emitters with
high In content.
The work was supported by Science Foundation Ireland.
FIG. 3. (Color online) Single-particle energy gap for the InGaN QDM
(dashed line) and an isolated In0.25Ga0.75N QD (dashed-dotted line) as a
function of the barrier thickness D. Solid line: Normalized dipole matrix element squared jd~11 j2 .

wave functions so that jd~11 j2 > 1. Neglecting the results for
D  1 nm, where we1 and wh1 are localized on different QDs
[cf., Fig. 1], we find that, for D  2 nm and D  4.1 nm,
jd~11 j2 > 1, indicating an effective reduction of /p in the
QDM 2
j is increased
upper dot. For example, for D  2 nm, jd11
QD 2
by a factor of order two compared to jd11 j , reflecting the
change in the slope of /p in the upper dot of the QDM compared to an isolated QD [cf., Fig. 2(b)]. Please note that /p
in an isolated QD is already significantly reduced compared
to a QW structure of the same composition and height.6
Therefore, the increase of jd~11 j2 for small D further emphasizes the benefit of using QDs instead of QWs in optoelectronic devices. It should be noted that jd~11 j2 > 1 for the
ground state transition is a consequence of e15 < 0. With
e15 > 0, as discussed in Ref. 21, /p in a QDM would be similar to the D  1 nm case [Fig. 2(a)]. Since jd~11 j2 > 1 is in
qualitative agreement with the experiment,8,9 this further
supports our earlier conclusion that e15 < 0.22 For larger values of D (D > 5 nm), jd~11 j2 drops below unity. Looking at
D  6.2 nm, the slope of /p inside the upper dot is almost
identical to the slope inside a single QD [cf., Fig. 2(d)].
However, the magnitude of /p at bottom (top) of the upper
dot is slightly increased (decreased) compared to an isolated
QD. This increased (decreased) /p leads to an increased
(decreased) lateral confinement for wh1 ðwe1 Þ, resulting in
jd~11 j2 < 1 for D > 5 nm.
In summary, we have presented a detailed analysis of
the electronic structure of c-plane InGaN QDMs made up of
two non-identical QDs, including, in particular, an analysis
of the influence of the barrier thickness between the two
QDs. Our study revealed that the built-in field in a QDM can
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