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Abstract—Recently, InGaN/GaN quantum wells with different
nanostructures such as nanoholes and nanorods have been proposed to enhance the light emitting efficiency. This paper calculates the influence of nanostructures to the strain and band profile of the quantum well. The effects of strain relaxation and surface states are analyzed, which could possibly influence the diode
emission properties. Our calculation results show that the strain
relaxation and the surface state pinning play important roles in enhancing the light emission, reducing the quantum confined Stark
effect, and causing the blue shift of the spectrum. Our calculation
results provide useful information in analyzing emission properties
of nanohole arrays and similar structures.
Index Terms—GaN, InGaN, nanohole, strain relaxation, valence
force field model, surface state, quantum well.

I. INTRODUCTION
N recent years, III-nitride wide bandgap semiconductors
have been widely used in optoelectronic devices, such as
blue and green light-emitting diodes (LEDs) [1], [2]. However,
it is difficult to obtain a high efficiency quantum well LED
due to the strong strain induced in the quantum well because
of the large lattice-mismatch between InN and GaN crystals.
The strong strain leads to a strong piezoelectric polarization in
the quantum well [3] and results in the quantum confined-Stark
effect (QCSE). The QCSE reduces the carrier recombination
rates and limits the device performance. Recently, devices with
nanostructures such as nanorods [4], nanocolumns, nanohole arrays, and photonic crystal structure LEDs [5], [6] have shown
improvement in device performance. These structures are either
designed to have a stronger confining cavity of laser applications or are designed to enhance the light extraction efficiency
[7], with the possibility of strain relaxation in the quantum well
[8], [9].
In this paper, we use In Ga N/GaN green LEDs with
nanohole structures to study the enhancement of IQE and
analyze the emission property. As we know, when these nanostructures are fabricated in LED devices, not only are the light
propagation properties changed but also the electronic band
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Fig. 1. A schematic of the nanohole structure. The hole depths are 16 nm and
23 nm.

structures. Hence, it is important to know how these nanostructures couple into the quantum well, influence the band
structure, and change the light emission properties. Recently,
reports [10]–[16] on nanocolumns or nanoporous structures
have shown a stronger emission, a shorter radiative lifetime,
a smaller QCSE effect, and a blue shift of the emission peak
compared to normal structures. The stronger emission rate may
be partially due to the improvement of the light extraction efficiency. However, it is difficult to explain the shorter radiative
lifetime and blue shift of the spectrum. In this work, we have
made a complete calculation to understand the roles of strain,
surface states [17], [18], and the barrier thickness [19], [20]
in changing the band structure of these nanohole structures.
Nanohole structures with different GaN cap thickness are
studied. The three-dimensional (3-D) valence force field model
(VFF) [21] for strain calculation and Poisson and Schrödinger
and drift-diffusion solver for band structure calculation are
applied in this study. In the following sections, we will address
the simulation models we applied and show how the nanohole
structure affects the band profile and enhances the radiative
recombination rates.
II. THEORETICAL MODEL
The device structures are shown in Fig. 1. Holes with different
depths are in the center of the device with a diameter of 77 nm.
The periodic boundary condition is used in the lateral direction
for strain calculation for a nanohole array. The spacing between
holes is around 147 nm. The In Ga N quantum well thickness is around 3 nm. The top GaN cap layer thickness is 18 nm.
From our studies, a GaN cap layer of thickness 20 nm has
similar results as the 18 nm for the GaN cap LED structure.
To analyze these structures as shown in Fig. 1(b) and (c), we
use the following processes: 1) apply the 3-D VFF model [21]
to calculate the strain distribution of the nanohole array structures; 2) calculate the piezoelectric polarization charges with the
obtained strain distribution; 3) use the self-consistent Poisson,
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Schrödinger and drift-diffusion solver developed in our laborotary [22] to solve the band structures; and 4) calculate spontaneous emission rate and emission spectrum.
In the first step, we calculate the strain in the nanohole
array with the VFF model. The VFF model is a microscopic
model, where the interactions between each atom and its nearby
atoms are considered. The total elastic energy is expressed as a
function of atomic positions, , using the summation of bond
and bond bending
terms:
stretching
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to model the electron and hole generation from the absorption
of light. At the end, the emission rates can be calculated by

(8)
is the momentum matrix element square between
where
state and . The effect of electron–hole overlap is included in
are Fermi–Dirac distribution function. is
this term. and
s are the energy
the inhomogeneous broadening factor and
interval from state and . After obtaining the total emission
, the radiative lifetime is estimated by
rate
(9)

(1)
denotes the unstrained bond length between atoms i
where
.
and j, and is the unstrained bond angle, and
The bond stretching and bond bending force constants are
listed in Mattila et al. [21]. We have applied these models for
studying the strain distribution in quantum dot [23] and nanorod
systems [9], [24]. With this model, we can obtain the strain distribution in the nanohole structure. The piezoelectric polarization can be calculated by
(2)
where the
, and
are the strain distribution in the deand
are piezoelectric coefficients [3]. With the calvice.
culated polarization distribution, the induced piezoelectric pocan be calculated by
larization charge

(3)
is the spontaneous polarization of nitride alloy.
where
Finally, we use a self-consistent Poisson, drift-diffusion, and
Schrodinger equation solver [22] to obtain the band profile,
eigen levels, and wave functions of the quantum well structure.
The Poisson equation, drift-diffusion equation, and continuity
equation can be written as
(4)
(5)
(6)
(7)
and
are the
where is the band potential of the device.
electron and hole current, respectively. is the carrier recombination term including the radiative and non-radiative recombination and is the carrier generation term which can come
from the light absorption, etc.
To simulate the PL spectrum observed by the experimental results, we use the generation term in the drift-diffusion equation

is the 2-D carrier density in the quantum well obwhere
tained from our solver. We carefully tuned the generation term,
, in the solver to obtain a similar
in each case for comparison.
III. RESULTS AND DISCUSSION
We calculated the strain distribution of the two different cases
as shown in Fig. 2 in order to realize the effect of the strain relaxation mechanism in these nanohole structures. Fig. 2(a) and
and
of the 16 nm-hole-depth
(b) show the strain tensors
case, respectively. The hole is etched to close to the quantum
well region but does not penetrate through the quantum well.
and
with the
Fig. 2(c) and (d) show the strain tensors
hole depth equal to 23 nm, respectively. The hole has penetrated
through the quantum well. It is clear to see that for the 16 nm
case, the strain relaxation effect is weak except near the corner
under the hole region
edge of the device. The tensile strain
is relaxed by 10% compared to the unetched region. For the
23 nm-hole-depth case, we can see a clear strain relaxation from
the edge of the hole near the quantum well and the cap layer region. The maximum strain relaxation of the compressive strain,
, near the hole edge is estimated to be around 80%. The strain
relaxed region is around 20–30 nm from the hole edge. Our calculation shows that the strain does not release too much unless
the etched hole penetrates through the quantum well. As a result,
the blue shift caused by strain relaxation should not be observed
in the structure with a 16 nm etching depth [14]–[16]. However,
the experimental data does show a clear blue shift. Therefore,
we look into other possible reasons such as the effect of surface
states [17], etc.
Calculations are first performed on the band structures and
emission properties of these devices in order to realize the
physics inside the device. We can estimate the piezoelectric
polarization, solve the band structures, and calculate the emission rate and spectrum with the calculated strain information.
As mentioned earlier, the generation term in the drift-diffusion
equation is used to model the electron and hole pair generain (7).
tion from light absorption with the generation term
Simulation of the PL emission can be performed by tuning the
generation term. The nanohole structure with 23 nm hole depth
might have a larger blue shift due to the strain relaxation, as
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Fig. 2. The calculated strain tensor (a) 
structure with 23 nm-column hole depth.

and (b) 

of the nanohole structure with 16 nm hole depth. The calculated (c) 

shown in the strain data in Fig. 2. However, the fermi level is
usually pinned at levels of the surface states ( 0.9 eV below
conduction band for GaN) because of the effect of surface
states at the air/GaN interface [17], [18], [25]. The effect of
the surface states is negligible if the cap layer is thick enough.
However, for the 16 nm-hole-depth case, the distance from the
surface state to the quantum well region is only 2 nm. Therefore,
the pinning position of the surface state will strongly affect the
band bending in the GaN cap layer and in the InGaN quantum
well. Fig. 3 shows the calculated band structures of the 16 nm
nanohole structure at the center of the hole and at the unetched
region. The carrier density
is tuned to 1.0 10 cm
in the quantum well region. We can see that the thicker GaN
cap layer leads to a stronger band bending due to the strong
piezoelectric polarization field. When the top GaN cap layer
is too thin as shown in Fig. 3(a), the band bending at the GaN
layer is not large enough. Therefore, the potential on the left
side of the InGaN quantum well is lifted up, which reduces the
QCSE significantly.
Fig. 4(b) shows the calculated emission spectrum at a different position for the 16 nm depth nanohole. The positions at
nm and
nm are at the unetched area (pink
dash dotted line and blue dotted line). Although there is a slight
strain relaxation at
nm compared to the position at
nm, this effect is weak and does not make a difference as shown in Fig. 4(b). The positions at
nm and
nm (red line and green dashed line) are inside the
hole area. Also, the strain relaxation does not play an impor-

and (d) 

of the nanohole

Fig. 3. The band structures and wavefunction of 16 nm nanohole structure at
(a) X = 0:0 nm (etched region) and (b) X = 64 nm (unetched region).

tant role if we compare these two positions. However, as mentioned earlier, the band bending is small so that the QCSE effect is much weaker due to the surface states pinning effect. The
oscillator strength is mainly decided by the square of the electron–hole overlap for InGaN quantum well LEDs. The smaller
QCSE leads to stronger radiative recombination rates. Our results show that the emission rate is enhanced by 13 times compared to the unetched region. Our calculation result also shows
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Fig. 5. The calculated emission strength and emission peak energy versus different nanohole GaN cap layer thickness (nanohole distance to the quantum
well).

Fig. 4. (a) The strain distribution and the definition of a, b, c, and d points.
(b) The calculated emission spectrum at a, b, c, and d points in 16 nm nanohole
structure. Note that the curves for points a and b are almost overlapped and
the curves for point c and d are also mostly overlapped. (c) The emission peak
energy and (d) the total emission rate versus different positions for the 16 nm
nanohole structure.

a blue shift of a maximum of 270 meV for the 16 nm-hole-depth
case compared to the unetched region. The estimated radiative lifetimes at the carrier injection density close to 1.0
10 cm ( 3.3 10 cm for 3 nm quantum well) for the
unetched and etched regions are around 3.3 ns and 0.3 ns, respectively. The radiative lifetime will depend on the injection
carrier density and these results are for the high injection carrier
density case. For the lower injection density case, the enhancement is even stronger because of the strong QCSE effect in the
unetched region. Fig. 4(c) and (d) show the emission peak energy and emission rate versus different positions from the edge,
respectively. As shown in Fig. 4(c) and (d), the etched and unetched areas have a significant difference in the emission properties. Note that the total emission spectrum of the entire device
would depend on the ratio of the unetched area size to the etched
area size.
It would be important to understand how the depth of the
hole influences the emission spectrum. Therefore, we calculated
the emission rates of the different nanohole depths as shown in
Fig. 5. We can find that for the nanohole region where the GaN
cap thickness is smaller than 7 nm, the emission rate and emission peak start to have a significant change. This implies that the
surface state effects need to be considered more seriously when
the GaN cap thickness is within 7 nm. The blue shift caused by
surface states pinning also decreases rapidly when the nanohole
surface is away from the quantum well if the etched surface is
far from the active layer.
The emission property is different from the 16 nm one as the
hole penetrates the quantum well for the 23 nm-nanohole-depth
case as shown in Fig. 6(a). In the hole region, the quantum well
is removed and there is no emission from the hole region. As
shown in Fig. 6(a), there is a strong strain relaxation near the

Fig. 6. (a) The strain distribution and the definition of a, b, c, and d points.
(b) The calculated emission spectrum at a, b, c, and d points for the 23 nm
nanohole structure. (c) The emission peak energy and (d) the total emission rate
versus different positions for the 23 nm nanohole structure.

edge of the hole [b, c, and d points shown in Fig. 6(a)]. Fig. 6(b)
shows the calculated emission spectrum at the points, a, b, c,
and d. At the point d (
nm), the strain relaxation of
the quantum well reaches the maximum and the emission rate
also reaches the maximum as shown in Fig. 6(b). Fig. 6(c) and
(d) show the emission peak and emission rates versus different
positions , respectively. We can see that the affected region
is within 20 nm from the hole edge since the strain is gradually
relaxed from the edge. This strain relaxation effect is also observed in the nanorod structures [9], [24]. A maximum 200 meV
blue shift in the emission peak and a 0.75 ns radiative lifetime
are estimated at the maximum strain relaxed region at
close
to 1.0 10 cm . The emission rate increases 6.3 times
compared to the unrelaxed region. Note that the experimental
measurement may not observe this large peak shift and the total
emission spectrum should be estimated through the integration
of emission spectrum at different regions. Therefore, it depends
on both the hole diameter and the hole spacing. The broadening
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of the emission spectrum is expected. Also, as the hole penetrates the quantum well, there might be surface states forming
at the sidewall, which might make the band bending horizontal.
So, it might push the carrier slightly to the center. However, the
QCSE effect is along the c-axis, and therefore, this band bending
will not directly influence the red or blue shift of the emission
spectrum.
Our calculations show that the emission rate has a significant
enhancement when the nanohole is close to the quantum well.
However, we need to be careful about the carrier leakage and
the surface state trapping. To avoid the influence of the surface
state trapping, a GaN cap layer thickness larger than 4 nm is
suggested to avoid the electron wavefunction extending to the
surface.
It is difficult to have a quantitative comparison from the published experimental work. From the published work [10]–[16],
the possible influences of surface states are not taken care of and
the detail about the actual etching depth is not determined carefully. Therefore, it is difficult to determine the real depth of the
hole to quantitatively understand the possible influences of the
surface state or the strain relaxation. We hope our studies can
provide sufficient information to explain experimental results.
IV. CONCLUSION
In conclusion, we have analyzed the emission characteristic
of InGaN/GaN LEDs with different nanohole depth. The emission property of the nanohole increases significantly when the
hole is close to or penetrates the quantum well. One may be
due to the effect of surface states and the other one might be
due to the strain relaxation. Both effects lead to the blue shift of
the spectrum and the increase of radiative recombination rates.
To avoid surface state trapping, the GaN cap layer thickness is
suggested to be around 4 nm to have the best performance. Our
calculations on the strain relaxation and surface states pinning
provide useful information for analyzing the spectrum shift in
the nanohole array and are very important factors to be considered when making similar structures, such as photonic crystal
structures, nanocolumns, and nanorods.
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