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In this paper, a hybrid numerical simulation tool is introduced and performed for GaInN-
based light-emitting diodes (LEDs) with metal-embedded nanostructure to theoretically
predict external quantum efficiency (EQE), which composed of finite-difference time-
domain, rigorous coupled wave analysis, and ray tracing. The advantage is that the
proposed method provides results supported by sufficient physical background within a
reasonable calculation time. From the simulation results, the EQE of LED with Ag-
nanoparticles embedded nanostructure is expected to be enhanced by as high as
∼1.6 times the conventional LED device in theory.
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INTRODUCTION

III-nitride semiconductor devices are the most promising devices for next-generation
optoelectronics owing to their intrinsic natures of direct and wide bandgaps operating in the
visible and ultraviolet (UV) spectral regions [1, 2]. Examples of III-nitride optoelectronic devices
include photodiodes, solar cells, laser diodes, and light-emitting diodes (LEDs). Most notably,
significant progress has been made in the research and development of high-efficiency GaInN-based
LEDs since the first demonstration of high-quality and p-type GaN films on a sapphire substrate by
Akasaki et al. This achievement is hailed as one of the greatest accomplishments in modern
semiconductor technology [3, 4]. Thanks to these efforts, GaInN-based LEDs have now been widely
adopted as a dominant high-brightness emitter in the spectral range from green to near-UV for
various applications. Furthermore, general white lighting can be realized by utilizing a blue LED and
yellow phosphor. The replacement of conventional lighting sources with LEDs can provide huge
benefits such as energy savings, increased lifetime span, and environmental friendliness [5].

Although the performance of LED devices has significantly improved to date, higher light output
power and lower electrical power consumption, i.e., higher external quantum efficiency (EQE, ηEQE),
are still required for further energy savings. In theory, the EQE of LED devices is expressed as the
product of two element efficiencies, i.e., light extraction efficiency (LEE, ηLEE) and internal quantum
efficiency (IQE, ηIQE): EQE � LEE × IQE [6, 7]. This implies two distinct strategies to improve LED
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devices, i.e., improve either LEE or IQE. It is noteworthy that the
LEE and IQE are defined as [(the number (#) of photons escaped
to free space per second)/(# of photons generated in the active
region per second)] and [(# of photons generated in the active
region per second)/(# of carriers injected into the active region
per second)], respectively [7].

In GaInN-based LEDs, the escape cone of photons from inside the
semiconductor to free space is as narrow as ∼25° due to the large
difference in refractive index (n) betweenGaNand air (nGaN∼ 2.5 and
nair ∼ 1). This results in an escape probability that is lower than ∼5%
from the top surface of LEDs, and the rest of the photons are trapped
inside and dissipated as heat [8, 9]. In short, the LEE of GaInN-based
LEDs is inherently very low. For that reason, several structures, e.g.,
patterned sapphire substrates (PSSs), surface texturing, air-void, flip-
chip, and sidewall roughening [10–14], have been introduced and
widely adopted in commercial LED devices to improve the LEE of
GaInN-based LEDs. It is noteworthy that the abovementioned
structures were designed to improve the LEE through the
reduction of total internal reflection (TIR). More recently, GaInN-
based LEDs employing nanostructures have been studied in depth to
improve the LEE, e.g., nano-PSSs (nPSSs), photonic crystals, metal
nanoparticles on a device surface, and periodical nanohole patterning
[15–19]. The size of the nanostructure is typically comparable to or
smaller than the emission wavelength of the LED. In contrast to the
conventional structure, LEDs with nanostructures were also designed
to improve the LEE through not only the reduction of the TIR, but
also the cavity effect at a resonant frequency [19, 20]. In other words,
suppression of the guide mode inside device and enhancement of the
leaky mode to free space are expected simultaneously. In this context,
a nanostructure should be designed very carefully to take advantage of
both TIR and guide mode suppression to improve the LEE.

Aside from issues related to the LEE, the IQE of GaInN-based
LEDs still suffers from well-known “green-gap” issue. The IQE of
green LEDs at a usual operating current is lower than ∼30% and
decreases further as the driving current and/or emission wavelength
increases [6, 7]. To improve the IQE, tremendous efforts have been
made in epitaxial growth and device fabrication. Of which, surface-
plasmon (SP)-enhanced LEDs have attracted great attention and have
been intensively studied because SP-mode works very efficiently in
GaInN-based green LEDs [21–24]. In particular, LEDs with metal-
nanoparticle (NP)-embedded nanostructures have demonstrated
great IQE improvement. Specifically, additional recombination
channels are created by metal-NPs in LEDs via exciton coupling
with localized SP (LSP) modes, which effectively decrease the carrier
density in the active region and the radiative carrier lifetimes.
Consequently, the IQE is enhanced [25–27]. In principle, SP and
LSP modes are expected to be most active at the SP/LSP resonant
frequency of the metal-NPs, i.e., when the frequency of the emitted
photon overlaps the SP resonant frequency. Therefore, the design and
shape of metal-embedded nanostructures are crucially important to
improve the IQE because the resonant frequency of the SP mode
strongly depends on the type, design, and shape of the metal-NPs.

Collectively, an LED with metal-embedded nanostructures is
believed to have great potential to improve the EQE because
simultaneous improvement of the LEE and IQE is expected. In
other words, the metal-embedded nanostructure should be
designed and optimized so that both effects work well

simultaneously. From this viewpoint, numerical simulation is a
very useful tool for designing a structure as it enables the theoretical
prediction of the efficiencies while considering both effects.
However, in spite of the significant importance of numerical
calculations in nanostructure design, there are still no suitable
simulation tools covering both the LEE and the SP effect due to
their complex structure and calculation. For example, the ray
tracing (RT) method, which is the most widely used method for
LEE calculation in LEDs, does not consider the wave characteristics
of light and the SP/LSP effect. Therefore, results from this method
may be inaccurate when the size of the nanostructure is close to the
emission wavelength. Hence, the RT method is typically limited to
the LED employing microstructure, despite advantages such as
short calculation time and scalability to large computational
domains. Meanwhile, the finite-difference time-domain (FDTD)
method is often adopted to calculate the SP effect in LEDs, but this
method is only suitable for calculating one specific nanostructure.
That is, it is unreasonable to practically use the FDTD method
because it takes an enormous amount of time to expand and apply
it to an entire LED structure [28]. Hence, the FDTD method is
typically limited to the computational domains of a few
micrometers, despite of advantages such as accuracy,
considering the nature of the wave, and the dispersion relation.
From a practical point of view, an adequate numerical simulation
tool for SP-enhanced LEDs with metal-NP-embedded
nanostructures is required for optimizing design via numerical
calculation and theoretical prediction.

In this paper, a hybrid numerical simulation tool is
introduced and performed for GaInN-based LEDs with
metal-NP-embedded nanostructures to theoretically predict
EQE improvement via design optimization. The proposed
tool combines three types of simulation methods: FDTD
[29], rigorous coupled wave analysis (RCWA) [30], and RT
[31]. Importantly, the advantage of the proposed hybrid method
is that both natures of light, i.e., wave and ray properties, are
flexibly taken into the numerical calculation, depending on the
method, within a reasonable calculation time. Another
important advantage is computation time. Specifically, the
RCWA method can provide the huge merit in terms of
calculation time and computing power for periodically
patterned structure. Namely, it can greatly simplify the
problem of periodic patterns since this method solves the
problem in the Fourier space. Using the hybrid simulation
method proposed in this study, we demonstrate the
optimized structure of LEDs with metal-embedded
nanostructures, i.e., a design in which the EQE is maximized.
In addition, from the perspective of practical usage, the
calculation time of the proposed method is compared to the
case of the FDTD simulation for the entire structure.

DEVICE STRUCTURE AND SIMULATION
DETAILS

Figure 1A displays a schematic of the LED structure under
investigation in this study. The structure is simple, composed of
four layers that include a sapphire substrate (t � 100 μm), an
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n-GaN layer (t � 5 μm), a multiple-quantum-wells (MQWs)
active layer (t � 100 nm), and a p-GaN layer (t � 120 nm). The
sample size is 300 × 300 μm2 with an emission wavelength of
520 nm. The p-GaN surface contains periodically etched
nanoscale-hole patterns that are cylindrical and filled with
Ag-NPs. Note that a flat sapphire substrate is employed in
this study to intensively investigate the effect of the Ag-
embedded nanostructures in the p-GaN surface on the EQE.
X, Y, and Z in Figure 1A represent the diameter of a single hole-
pattern, the pitch between two hole-patterns, and the etch
depth, respectively. As an attempt to optimize the structure,
we varied X and Y while Z was fixed at 50 nm because of the
limitation of junction depletion (the depletion region toward the
p-GaN is ∼70 nm in typical GaInN-based LEDs) [32]. Figure 2B
displays a flowchart of the hybrid simulation performed in this
study. First, the E-field energy densities enhanced by the SP/LSP
mode were calculated via the FDTD method for single and dual
Ag-embedded nanostructures. The FDTD was performed
repeatedly with varying X and Y to optimize the

nanostructure. Next, the dispersion characteristics of the
p-GaN surface, including the reflectance (R) and
transmittance (T) from the periodic pattern array, were
calculated by the RCWA method for a single unit cell of
an Ag-embedded nanostructure. The RCWAmethod was also
performed repeatedly with varying Y to optimize. Then, the
RT method was performed using the data obtained from the
RCWA to theoretically predict LEE enhancement from the
periodic nanostructure. Lastly, taking into account both the
IQE from the FDTD and the LEE from the RT, an optimized
structure is proposed, that is, the Ag-embedded
nanostructure with the highest EQE. Most notably, the
hybrid method takes less than 1% of the calculation time
required for an entire LED structure via the FDTD method,
i.e., it saves a huge amount of calculation time and computing
power. This is because the RCWA method adopts a Fourier
space method, which can simplify the periodic structure
problem. All simulation parameters used in this study are
listed in Table 1.

FIGURE 1 | (A) Schematic of the LED structure under investigation and (B) a flowchart of the three-method hybrid simulation proposed in this study.
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RESULTS, ANALYSIS, AND DISCUSSION

FDTD Simulation for the Investigation of the
Surface-Plasmon Effect

In this section, we systematically investigated the effect of the
nanostructure parameters, such as the diameter of a single hole-
pattern (X in Figure 1A) and the pitch between two hole-patterns
(Y in Figure 1A), on the IQE via the E-field energy density
distribution. For the FDTD simulation in this work, a commercial
FDTD simulation program was used [29] wherein perfectly
matched layer boundary conditions were employed on all
boundaries of the domain. The spatial cell size of the
calculation domain was 5 nm for all dx, dy, and dz. A single
dipole source was placed at the center of the MQW active region

in the x-direction of Figure 1A. The dipole source was assumed to
emit a wavelength of 520 nm. In GaN material systems, Ag thin
film is typically used as surface plasmonic source. This is because
the resonance frequency of the surface-plasmon theoretically
corresponds to visible wavelength, i.e., Ag/GaN is ∼2.8 eV
(∼442 nm). When the frequency of emitted photon matches to
the resonance frequencies of the surface-plasmon, the radiative
recombination process of LED is enhanced, resulting in the IQE
improvement. Notably, the resonance frequency of Ag/GaN is
dependent of the size, i.e., red-shift when the size of metal
decreases. Therefore, it is important to investigate the size of
Ag to match the resonant frequency of the surface-plasmon with
the frequency of the emitted photons. First, to investigate the
effect of hole-pattern diameter, single nanostructures were first
simulated by the FDTD, i.e., A-1 in Figure 1A was contained
inside the computational domain with varying X. Figure 2A
shows the steady-state E-field energy distribution on the x–z
plane for a single nanostructure with X � 80 nm. It is clearly
observed that the bottom of the Ag-NPs is oscillated with the EM-
field from the dipole source. This indicates that an additional
recombination channel was created through exciton coupling
with the SP/LSP mode [33]. In Figure 2B, the peak values of the
E-field energy density at the bottom of the Ag-NPs, i.e., the
oscillated intensity by the EM-field of the dipole source, are
plotted as a function of X. As shown in Figure 2B, the strongest

FIGURE 2 | (A) E-field energy distribution on the x–z plane for a single
nanostructure with X � 80 nm and (B) peak values of the E-field energy density
at the bottom of the Ag-NPs as a function of X.

TABLE 1 | Summary of the simulation parameters used in this study.

Layer Refractive index, n Extinction coefficient, κ

Sapphire 1.78 0
n-GaN 2.43 0
MQWs 2.50 4.14 × 10−3

p-GaN 2.43 4.14 × 10−4

Ag 0.13 3.07

FIGURE 3 | (A) E-field energy distribution on the x–z plane for the dual
nanostructure with X � 80 nm and Y � 294 nm and (B) peak values of the
E-field energy density at the sidewall of Ag-NPs as a function of Y.
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E-field energy density was observed at X � 80 nm, implying that
the SP/LSP mode of the Ag-NPs was most activated by the
emission source of 520 nm when X is ∼80 nm. This is because
the resonant frequency of the SP/LSP mode depends on the shape
and size of the NPs and the type of metal [22]. Consequently,
from the result in Figure 2B, the IQE is expected to be most
enhanced by the SP/LSP mode of Ag-NPs with a diameter of
80 nm. Next, to investigate the effect of the laterally coupled
oscillation of NPs, i.e., surface-plasmon polariton (SPP)
propagation [34], on IQE enhancement, a dual nanostructure
array was simulated by FDTD, i.e., A-2 in Figure 1A was
contained inside the computational domain with varying Y
and with X fixed at 80 nm. Figure 3A shows the steady-state

E-field energy distribution on the x–z plane for the dual
nanostructure with X � 80 nm and Y � 294 nm. Apparently,
SPP propagation was observed at the sidewall of the Ag-NPs. It is
noteworthy that a greater E-field energy than that of a single
structure was obtained and believed to be owing to SPP
resonance. In Figure 3B, the peak values of the E-field energy
density at the sidewall of the Ag-NPs are plotted as a function of
Y. Somewhat surprisingly, two singularities were obtained at
Y � 187 and 294 nm in Figure 3B. This result means that the
SPP propagation resonates by meeting the criteria. According to
the dispersion relation, an emission wavelength (λ) of ∼520 nm
effectively diminishes to ∼0.6λ in the GaN material [17]. At two
singularities, the distances between the Ag-NP sidewalls are ∼0.3λ
for Y � 187 nm and ∼0.6λ for Y � 294 nm, indicating that the
criterion is the constructive interference of the SPP mode, i.e., the
lattice resonance. Thus, we can infer that the two singularities in
Figure 3B are caused by meeting the criteria, i.e., the resonance
cavity effect of SPPs. Consequently, the IQE is expected to be
enhanced most by the SP/LSP mode with nanostructure
parameters of X � 80 nm and Y � 187 nm or X � 80 nm and
Y � 294 nm.

RCWA Simulation for the Nanostructure
Periodic Array
In this section, to investigate the effect of the nanostructure
periodic array on device performance, the RCWA method was
performed for a single unit cell of a nanostructure array.
Figure 4A shows the configuration of the single unit cell used
for the RCWA simulation, which was repeatedly performed with
varying Y. The RCWA method is typically employed to solve an
EM-field in a given periodic structure wherein the devices and
fields are represented by a sum of spatial harmonics. In other
words, the RCWA solves the problems in a Fourier space. In
short, this method can provide huge advantages in terms of
calculation time because it enables simplification of the
problem for a periodic structure [30]. Figures 4B,C show the
calculation results of the dispersion characteristics, namely, T and
R as a function of the incident angle from the normal direction
(0°) to the primary plane (90°) depending on the pitch, Y. As
shown in Figures 4A,B, the critical angle of the escape cone seems
to be independent of Y (∼28°), whereas T and R are dependent of
Y, i.e., the T around the normal direction increases and the R
around 45° increases with increasing Y. This result implies that
the far field distribution and intesity of an emitted photon can be
varied with Y. Consequently, the escape probability of photons
from the p-GaN surface to free space is significantly affected by
the nanostructure arrangement.

RT Simulation for Obtaining LEEs
In the previous section, the dispersion characteristics of the p-GaN
surface due to a periodical nanostructure array, such as the angle
distribution of R and T, were obtained. In this section, the LEEs of an
LED with Ag-NP-embedded nanostructures are calculated by the RT
method using data from the dispersion characteristics. To incorporate
the effect of a periodical nanostructure array on the RT simulation, the
dispersion characteristics from the RCWAmethod were referenced at

FIGURE 4 | (A) Schematic of a unit cell on the x–y plane for the RCWA
simulation and calculation results of (B) transmittance and (C) reflectance as a
function of the incident angle from the normal direction (0°) to the primary plane
(90°) depending on the pitch, Y.

Frontiers in Physics | www.frontiersin.org July 2021 | Volume 9 | Article 7100925

Hiramatsu et al. LED with Ag-Embedded Nanostructures

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


the p-GaN surface of the LED instead of a simplen. In detail, when the
rays reach the p-GaN surface, the data of the angle distribution of the
R and T from the RCWA method are taken into account [28]. A
configuration of the RT is shown in Figure 5A, and 500,000 rays were
simulated in random directions from the MQWs. Then, the far field
intensity was compared to obtain the LEE. This is an especially useful
approach to obtain the LEEs of an LED with a periodical
nanostructure array as both natures of light, i.e., wave and ray
properties, are considered in the RT method and calculation time
is saved. That is, the method in this section provides results supported
by sufficient physical background within a reasonable calculation
time. Figures 5B,C are the simulation results of the far-field angle
distribution of luminescence for two cases: the LED with the pitch

distance betweenAg-NPs of 2) 400 nmand 3) 187 nm, respectively. In
the results, the up side (0°) depicts the emission from the p-GaN
surface and the down side (180°) depicts the emission from the
sapphire surface, respectively. Here, we compared the two samples
with the pitch distance of 400 and 187 nm, because a lattice plasmon
resonance is expect for pitch distance of 187 nm and a typical
characteristic is expected for pitch distance of 400 nm (see
Figure 3A). As expected, Figure 5B shows typical Lambertian-like
characteristics of far-field distribution. On the other hand, Figure 5C
shows the notable difference from Figure 5B: 1) the luminescence is
significantly enhanced at emission angle of 30° and 330°, and 2) the
ratio of emission from p-GaN to that from the sapphire surface is
greatly enhanced. Therefore, the result in Figure 5C suggests that the
mode emission, most likely leaky mode, is enhanced by the lattice
plasmon resonance, resulting in such different far-field characteristic.
Note that, when the pitch is 187 nm, the area occupied by Ag-NPs in
p-GaN surface is larger than the one for 400 nm, resulting in overall
lower emission intensity and LEE. Figure 5D exhibits the LEE as a
function of pitch, Y. The LEEs gradually increase as the pitch distance
increases. Note that the singularities, as shown Figure 3B, are not
shown in this result even at Y � 187 and 294 nm. The result of the
LEEs in Figure 5D is in line with the result in Figures 4B,C because
the T increases and the R decreases with increasing Y around the
normal direction. For ray escape probability, the emission area of the
p-GaN surface decreases with decreasing Y, i.e., the area occupied by
Ag-NPs increases. This could be another cause of the result in
Figure 5D.

Proposal of Optimized Parameters for an
Ag-Embedded Nanostructure
Typically, the EQE of conventional LEDs without the SP/LSP
mode is given by

ηEQE �
RR

RR + RNR
× ηLEE, (1)

where RR and RNR are the radiative and nonradiative
recombination rates, respectively. Meanwhile, the EQE of SP/
LSP-enhanced LEDs is given by [22].

ηEQE �
RR + RSPC · Cext

RR + RNR + RSPC
× ηLEE, (2)

where RSPC and Cext are the SP coupling rate and the probability of
photon extraction from the SP energy, respectively. Eq. 2 indicates
that the EQE is enhanced by the additional recombination channel
(RSPC×Cext), that is, exciton couplingwith the SP/LSPmode enhances
the radiative recombination rate. In other words, the IQE is enhanced
because an overlap of the local EM-field (see Figures 2, 3) increases
both the SP coupling rate (RSPC) and the probability of photon
extraction from the SP energy (Cext) [21, 33]. Here, the IQE
enhanced by the SP/LSP mode can be estimated using the results
in Figure 3B. To this end, we assumed that the conventional IQE is
30% and RSPC × Cext is proportional to the result in Figure 3B. Using
Eq. 2 and the previously mentioned assumptions, the IQE can be
estimated approximately, which is plotted as a function of Y in
Figure 6A. As expected, the IQE is most enhanced by the SP/LSP
modes at Y � 187 and 294 nm. Since IQE and LEE were obtained in

FIGURE 5 | (A) Configuration of the ray tracing simulation, and
calculation results of far-field angle distribution of luminescence for the LED
with the pitch distance between Ag-NPs of (B) 400 nm and (C) 187 nm, and
(D) LEEs plotted as a function of the pitch, Y.
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Figure 5D and Figure 6A, we can plot the EQE as a function of Y,
which is shown in Figure 6B. We can see that the EQE is most
enhanced at Y � 294 nm. Briefly, X � 80 nm and Y � 294 nm are the
optimized parameters for an Ag-NP-embedded nanostructure. Note
that the overall EQE is low because a flat sapphire substrate is
employed in this study. Consequently, the EQE of an LED device
with an Ag-NP-embedded nanostructure is expected to be enhanced
by asmuch as ∼1.6 times a conventional LED device in theory (where
the IQE and the LEE are 30 and 22% for a conventional LED,
respectively). The IQE improvement of ∼30% by SP/LSP mode has
been theoretically predicted and experimentally demonstrated in our
previous paper [21, 22]. Also, the LEE improvement of ∼22% by
nanostructure (or photonic crystal) has been experimentally
demonstrated in previous papers [8, 15]. Thus, we firmly believe
that the simulation results given in this study are reasonable. Notably,
to the best our knowledge, this is thefirst time that the reasonable EQE
improvement is simulated in a short time using the hybrid method.

SUMMARY

In summary, a hybrid simulation composed of FDTD, RCWA, and
RT was introduced and performed for an LED with an Ag-NP-
embedded nanostructure. First, the FDTD was performed for single
and dual nanostructures to optimize the diameter,X, and the pitch, Y,
of the nanostructure. From the FDTD simulation results, the SP/LSP
mode, which enhances the IQE of an LED, was confirmed, and

optimized nanostructure parameters (X � 80 nm and Y � 187 nm, or
X � 80 nm and Y � 294 nm) were proposed. Next, the RCWA
methodwas performed for a single unit cell of the nanostructure array
to investigate the effect of the periodic nanostructure array on the LEE.
From the RCWA simulation, the dispersion characteristics, such as
the T and R dependence on the incident angle of the p-GaN surface,
were obtained. Then, the LEEs of an LED with an Ag-NP-embedded
nanostructure were calculated by the RT method using data from the
dispersion characteristics. The results showed that the LEEs gradually
increase as the pitch distance increases. Lastly, considering both the
IQE from the FDTDand the LEE from theRT, an optimized structure
was proposed. Importantly, the advantage of the proposed hybrid
method is that the results are supported with sufficient physical
background and require a reasonable calculation time. It should be
noted that the proposedmethod in this study is taken with only 1% of
the calculation time compared to the case of the conventional FDTD
simulation for the entire structure, which means the great advantages
in practical use and computing power. In this paper, only simulation
results were discussed, but we will fabricate an LED with Ag-NP-
embedded nanostructures on the basis of the nanostructure
parameters proposed in this study. It is believed that one can
discuss the accuracy of proposed hybrid simulation in this study
and demonstrate the increase in EQE of GaInN-based green LEDs in
the near future.
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