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Abstract: Herein, we investigate the influence of an AlGaN metasurface on AlGaN-based
deep-ultraviolet light-emitting diodes’ light-extraction efficiency by utilizing the 3D finite-
difference time-domain method. As the first step in this study, we optimize an AlGaN
metasurface to maximize the transmittance from LED to air. Then, six different flip-chip
structures’ light-extraction efficiencies are compared with each other to judge the usefulness
of the metasurface’s adoption on AlGaN-based LED. Considered structures are classified
into two categories, with and without inclined sidewall, respectively. Each classified structure
is subdivided again by three factors: flat interface, roughed cones, and metasurface on
n-AlGaN. Extracted results show that the combination of inclined sidewall and the AlGaN
metasurface shows synergetic results positively increasing light-extraction efficiency.

Index Terms: Light-emitting diode, metasurface, finite-difference time-domain, deep
ultraviolet.

1. Introduction
Deep-Ultraviolet light-emitting diodes (DUV-LEDs) in the wavelength λ ≈ 220–350 nm can cover
broad and vital applications such as communication, photoionization, water purification, steril-
ization, medical diagnostics, UV curing, and plant lighting [1], [2]. However, for the successful
domination of the represented application area, the attainment of high efficiency comparable to
Mercury lamps is essential. The typical wall-plug-efficiency (WPE) of DUV-LEDs at the UVC range
is below 6%, which is relatively lower than the WPE of Mercury lamps, 15-35% [3], [4]. The internal
quantum efficiency (IQE) below 70% at room temperature, total internal reflection (TIR), severe light
absorption by p-GaN and metallic layers, low conductivity of p-AlGaN, efficiency droop phenomena,
and continuously discovered new properties of AlxGa1-xN quantum well (QW) are attributed to
the origins for such low WPE of AlGaN-based DUV-LEDs [5]–[10]. Among those factors to be
solved, there have been many fruitful ideas about how to increase the light-extraction efficiency
(LEE) of flip-chip DUV-LEDs. The adoption of Ni/Al metal electrode increasing reflectance, inclined
sidewall structure tilting the light incident angles effectively, and p-AlGaN transparent layer showing
negligible DUV absorption are few examples of the successful ideas [11]–[13]. However, it is
difficult to search for cases utilizing the dielectric metasurface for the LEE enhancement of flip-chip
DUV-LEDs.
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The dielectric metasurface in visible and infrared (IR) range has adopted materials of high
refractive indexes (n) such as Si, Ge, PbTe, AlGaAs, GaInP, and AlGaSb over n = 3.0 with the
low loss [14]. These materials are not appropriate for the application in the DUV range due to the
high loss, so it is essential to find an appropriate material system having a low loss for the DUV
light’s manipulation. Additionally, since the high n implies the low escape cone angle toward the
air, it will be advantageous to lower n as possible to increase the fundamental critical angle, from
which TIR starts. The previous studies based on Mie theory predicted that with materials near
n = 2.0, it is possible to observe similar plasmonic effects as the materials over n = 3.0 [15]. Since
the transparent hexagonal AlxGa1-xN has n near and higher than 2.0 from x = 0 to x = 0.65 below
the wavelength of about 827 nm, AlGaN can be a candidate material for DUV’s low-loss dielectric
metasurface [16].

Based on the backgrounds, we optimize a periodic n-Al0.65Ga0.35N metasurface, which can be
adopted on flip-chip DUV-LEDs near wavelength λ = 280 nm, by utilizing 3D finite-different time-
domain (FDTD). The optimization is focused on increasing transmittance when light propagates
from LED to air. The usefulness of the optimized metasurface as a light extractor is estimated
by comparing LEEs among six different flip-chip structures. For the investigation of the AlGaN
metasurface, we lift off AlN/Sapphire layers since the AlN or Sapphire is too challenging to trigger
Mie-based resonance due to small n and short target wavelength. The contents of this study are as
follows. Section 2 details the utilized modeling methods and techniques used for this study’s entire
calculation. The optimization process and analysis for AlGaN metasurface based on a unit cell are
demonstrated in Section 3. LEE values and distribution of the Poynting vectors’ magnitude for six
different DUV-LED structures are calculated and analyzed in Section 4. Those different structures
are classified by whether the inclined sidewall is adopted, whether the optimized metasurface is
applied, and whether the roughed n-AlGaN exists. Additionally, the p-GaN’s existence and what
metallic layers are adopted between Ni/Au and Ni/Al become variables in this study. LEEs and
power distributions of these structures are calculated for both TE and TM modes, respectively.

2. Modeling and Calculation Process
A unit cell structure is constructed to optimize and extract the metasurface’s maximum trans-
mittance on the n-type cladding epitaxial layer. n-Al0.65Ga0.35N Cylinder is selected as the res-
onator’s shape triggering Mie resonance by assuming such resonators can be formed by etching
n-Al0.65Ga0.35N flat epitaxial layer. The transparent view of the constructed unit cell is shown in
Fig. 1(a). Fig. 1(b) and (c) show cross-sectional views of a YZ-plane cutting the middle of the x-axis
and an XY-plane cutting the middle of the cylinder’s height, respectively. The constant horizontal
wavenumber approach is utilized to efficiently analyze the constructed unit cell [17]–[19]. The unit
cell’s each plane at the end of +x, -x, +y, and -y directions adopt periodic boundaries. +z and -z
boundaries are set up with the convolutional perfectly matched layer (CPML) for efficient optical
power absorption. The height of the unit cell hu is decided and fixed as 2.0 μm for the entire study.
The Al compositional ratio x of AlxGa1-xN is selected as the 0.65 to maintain transparency for
the wavelength λ = 280 nm. The distances between the n-Al0.65Ga0.35N/air interface and vertical
boundaries maintain over 450 nm to remove the error stemming from evanescent waves. Here,
the unit cell adopts the square lattice with the lattice constant a = 110 nm. The resonant magnetic
dipole response occurs when the wavelength inside a circular particle is comparable to the particle’s
diameter, λ/nmat = D [15]. The D is about 110 nm when λ = 280 nm, and the refractive index of
n-Al0.65Ga0.35N nmat = 2.51. However, in our case, obtaining high transmittance is the goal, so
the minimized backscattering at the top-side of the interface is desirable. Usually, these conditions
can be satisfied with the resonator having a smaller diameter than D for a fixed λ. Therefore, we
set up a = 110 nm and optimize the size of the radius r and height of cylindrical Al0.65Ga0.35N
resonator h. The unit cell is discretized by cubic Yee cells with 5 nm identical length’s sides, dx
= dy = dz = 5 nm. The thickness of the Al0.65Ga0.35N epitaxial layer and unit time-step dt are
fixed as 1.455 μm and 8.67 × 10−18 s, respectively. For the transmittance calculation, a plane
wave propagates starting from near the top-side CPML boundary, and a plane sensor is located
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Fig. 1. (a) A transparent view of a unit cell adopting cylinder resonator on Al0.65Ga0.35N. (b) A cross-
sectional view which is cutting the middle of the x-axis of the unit cell. (c) A cross-sectional view which is
cutting the middle of the height of the cylinder resonator attached to Al0.65Ga0.35N. Grids represented
in (b) and (c) mean boundaries between Yee cells.

beneath the XY-plane of the plane wave’s starting position. The plane wave adopts the modulated
Gaussian waveform. Running Fourier transform converts the time-based field data on the plane
sensor to the frequency-based one. After the final time-marching steps, the plane sensor calculates
time-averaged Poynting vectors, which are utilized to calculate transmittance. Additionally, the
cross-sectional planes of Fig. 1(b) and (c) collect all field components’ intensities for analysis.
A unit cell is calculated twice with and without scatterers to calculate transmittance based on the
Poynting theorem. The Al0.65Ga0.35N is fixed as the background material for all calculations based
on the unit cell.

We investigate the optimized metasurface’s influence on the LEE of DUV-LEDs after the unit cell’s
analysis. To compare with different flip-chip structures without AlGaN metasurface, we construct
3D LED structures as shown in the transparent views of Fig. 2. Fig. 3 shows the cross-sectional
views of each considered LED structure in Fig. 2(a)–(f). A total of six different flip-chip structures
of (I, F), (I, R), (I, M), (S, F), (S, R), and (S, M) are considered in this study. Here, I, S, F, R, and M
symbols mean infinite lateral chip area, the inclined sidewall, flat n-Al0.65Ga0.35N interface, roughed
n-Al0.65Ga0.35N interface, and the optimized metasurface, respectively. Unit cells with dx = dy =
11 nm and dz = 2 nm discretize the DUV-LED’s structures in the FDTD domains. Total x, y, and z
lengths of the FDTD domains are fixed as 2.75, 2.75, and 2 μm, respectively. Fig. 2(a) structure is
regarded as the reference in this study, and n-Al0.65Ga0.35N is located on z = 500 nm with 455 nm
thickness. The 455 nm n-Al0.65Ga0.35N may not be a realistic thickness, but it is enough to extract
valid LEE tendency for the target wavelength. 60 nm Al0.5Ga0.5N, 100 nm Al0.75Ga0.25N electron
blocking layer (EBL), 200 nm p-Al0.65Ga0.35N, p-GaN (or additional p-Al0.65Ga0.35N), and metallic
layers are stacked up on n-Al0.65Ga0.35N in order. An Al0.5Ga0.5N layer simplifies the multiple
quantum well (MQW) in this study. One of both Ni(40 nm)/Au(100 nm) and Ni(2 nm)/Al(150 nm)
is inserted as the metallic layers. The Lorentz-Drude model is adopted for the description of Ni,
Au, and Al [20], [21]. Fig. 2(b) and (c) are the structures adding roughed n-Al0.65Ga0.35N right
circular cones and the metasurface, respectively, on the bottom-side n-Al0.65Ga0.35N flat epitaxial
layer of the reference structure. The adopted cones have the height h = 200 nm, radius r = 99
nm, and opening angle 52.7°. The cones are uniformly distributed with square lattice and a lattice
constant of 209 nm. Fig. 2(d), (e), and (f) are the cases when the structures of Fig. 2(a), (b), and (c)
adopts the inclined sidewalls, respectively. About 45 degrees of identical inclined walls are applied
to each structure of Fig. 2(d)–(f), and the inclination extends from the Ni’s bottom plane to 200 nm
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Fig. 2. In this figure, I, S, F, R, and M mean the assumption of infinite lateral area, inclined sidewall,
flat n-AlGaN, roughed n-AlGaN, and AlGaN metasurface, respectively. Therefore, these figures show
LED structures (a) adopting the infinite lateral area with flat n-AlGaN, (b) the infinite lateral area with
roughed n-AlGaN, (c) the infinite lateral area with the optimized AlGaN metasurface, (d) the inclined
sidewall with flat n-AlGaN, (e) the inclined sidewall with roughed n-AlGaN, and (f) the inclined sidewall
with the AlGaN metasurface, respectively. For the description of the roughed n-AlGaN, we adopt the
uniformly deployed cones with height h = 200 nm and radius r = 99 nm.

TABLE 1

The Material Parameters Used for the Entire Analysis of This Study

etched n-Al0.65Ga0.35N. The inclined walls are coated with SiO2/Al (about 35/35 nm), as shown in
Fig. 3(d)–(f). Ni, Au, and Al’s diameter are maintained as 1.1 µm for structures adopting inclined
sidewall. The unit time-step dt is set up as 1.29 × 10−18 s by considering Al’s small refractive index
n > 0.2 at λ = 270∼300 nm. All material parameters used in this study are listed in Table 1 with
references. −z and +z boundaries are set up with CPML, which is the same as the unit cell case.
The perfect electric conductor (PEC) is positioned at the -x, +x, −y, and +y boundaries to truncate
the infinite lateral area or periodicity. Each simulation process ends after 8 × 105 iterations of the
time-marching steps. An electric dipole source is set up at the center of MQW for the generation of
Gaussian waveform with a selected polarity, TE or TM mode. Here, TE and TM modes are defined
as the electric dipole oscillating parallel to the n-AlGaN flat surface and the electric dipole oscillating
normal to the n-AlGaN flat surface, respectively. A monitoring box encapsulates the dipole source
to calculate the total emitted power generated by the dipole and calculate the absorbed power
inside the box. Additionally, a plane sensor is installed near the bottom-side CPML boundary to
calculate the escaped light power from the LED to air.
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Fig. 3. (a)–(f): The cross-sectional views at the cutlines of the middle of the y-axis of Fig. 2(a)–(f),
respectively.

Fig. 4. Transmittance map constructed as functions of the radius r and height h of cylinder resonator of
Fig. 1(a) when a normal incidence plane wave is injected.

3. Optimization and Analysis of a Unit Cell
For optimizing the cylinder resonator in Fig. 1, we construct a transmittance map at λ = 280 nm
as functions of the radius r and height h of the cylinder when a normal incidence plane wave
propagates starting from near the +z boundary. Fig. 4 shows the constructed transmittance map
as a result. The high transmittance region focuses on the intersection between h = 40∼50 and r =
35∼45 nm. We select r = 40 and h = 45 nm to calculate the unit cell’s incidence angle-dependent
transmittance. Then, transmittances for TE and TM modes of the flat n-AlGaN and the metasurface
were calculated as functions of the frequency and wavenumber k, as shown in Fig. 5. Here, k means
the horizontal wavenumber related to the periodic boundaries of ±x and ±y axis. The relation

Vol. 13, No. 1, February 2021 2700313



IEEE Photonics Journal Investigation of Light-Extraction Efficiency

Fig. 5. (a) and (b) show transmittance maps with flat Al0.65Ga0.35N for TE and TM modes, respectively,
as functions of the horizontal wavenumber k and frequency f. (c) and (d) show transmittance maps with
the optimized AlGaN metasurface for TE and TM modes, respectively, as functions of k and f.

between the k and incidence angle θ is as the (1) following.

k = k0 sinθ (1)

where k0 = ω/c is the wavenumber with angular frequency ω and the speed of light c in the
material [17]. (1) implies that the identical θ at different frequencies is satisfied at the different k

values. Here, k equals to
√

k2
x + k2

y where kx and ky represent the horizontal wavenumbers at the

boundaries of ±x and ±y, respectively. For the gradual increase of θ , the only ky was controlled as
a variable during the unit cell’s analysis, and kx is fixed as zero. Fig. 5(a)–(d) represents the trans-
mittance maps for flat n-Al0.65Ga0.35N/air interface with TE mode n-Al0.65Ga0.35N/air with TM mode,
metasurface/air with TE mode, and metasurface/air with TM mode, respectively. The stair-like area
colored by the violet in the maps means perfect reflection due to TIR. The critical angle in Fig. 5
is about 23.48°. The increase of TM mode light’s transmittance as a function of incidence angle in
Fig. 5(b) originates from Brewster’s angle, 21.72°. After Brewster’s angle, the transmittance abruptly
decreases toward zero before the critical angle point. The broadbands of Fig. 5(c) and (d) between
0.8 PHz (≈375 nm) and 1.1 PHz (≈273 nm) show generally higher transmittance than Fig. 5(a) and
(b) before the critical angle, which implies the optimized metasurface can contribute to increasing
the LEE at least than the flat interface, but TIR is a still limitation. It has been recently reported
that to relax TIR is possible by evanescent wave engineering [24]. We expect high transmittance
metasurface, which can simultaneously circumvent TIR, may be possible in the near future, but
such structure is beyond this study’s topic. Fig. 6 shows the transmittance at both λ = 280 nm and
λ = 300 nm as a function of θ . Fig. 6 additionally includes the analytical results for the flat AlGaN
interfaces. The analytical transmittances are calculated by solving the Fresnel equations, and the
k is converted into θ . The results of Fig. 6 represent the excellent accuracy of the numerical results
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Fig. 6. Analytical and numerical results for each component of Fig. 5(a)–(d) at both λ = 280 nm and
λ = 300 nm.

based on the unit cell. Also, it clearly shows the overall increase of transmittance after adopting the
AlGaN metasurface.

After analyzing transmittance, we observe the electromagnetic field distributions near the
resonator when the normally incident plane wave is injected. The plots in Fig. 7(a)–(c) show√

|Ex |2 + |Ey |2,
√

|Ex |2 + |Ez |2, and
√

|Ey |2 + |Ez |2 at the XY-plane cutting the middle of the cylinder
height, the XZ-plane cutting the middle of the y-axis of the unit cell, and the YZ-plane cutting the

middle of the x-axis of the unit cell, respectively. Similarly, Fig. 7(d)–(f) present
√

|Hx |2 + |Hy |2 at

the XY-plane cutting the middle of cylinder height,
√

|Hx |2 + |Hz |2 at the XZ-plane cutting the middle

of the y-axis of the unit cell, and
√

|Hy |2 + |Hz |2 at the YZ-plane cutting the middle of the x-axis
of the unit cell, respectively. Ei = x, y, z and Hi = x, y, z mean the electric field components and the
magnetic field components, respectively, in the frequency domain’s cartesian coordinate. Fig. 7
simultaneously offers the normalized vector distributions, which show the field components’ direc-
tion at each figure. Those vectors have consisted of the real part of the electric field components
or the magnetic field components. The cylinder resonator exists on z = 500 nm with h = 45 nm.
Magnetic and electric dipoles crossing each other are observed by the vector plots of Fig. 7(c)
and (e), respectively, right below the resonator. An additional magnetic dipole exists right above
the cylinder resonator, as shown in Fig. 7(c). The crossed electric and magnetic dipoles consist of
Huygens’ sources [25], [26]. The resonances near the resonator remove the backscattering by the
destructive interference and make it possible to attain the nearly perfect transmittance at normal
incidence.

The smaller dimension of the optimized AlGaN resonator requires more massive computational
resources when the LEE is calculated with the chip area over 2.75 × 2.75 μm2. We slightly broaden
the unit cell’s discretization length as dx = dy = 11 nm to reduce the required computational
resource. More coarse discretization may produce lesser accuracy of the geometrical description.
However, we confirm that the increased geometrical error rate does not trigger a considerable
characteristic change of the cylinder resonator, as shown in Fig. 8.

4. Comparison of LEEs of Flip-Chip DUV-LEDs
In this section, we estimate and discuss the LEEs of DUV-LEDs for the structures in Fig. 2.
Fig. 9(a)–(d) show the calculated LEEs of Fig. 2(a)–(c)’s structures for TE and TM modes when
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Fig. 7. Direction and magnitude of fields at λ = 280 nm: (a) Distribution of
√

|E x |2 + |E y |2 at the XY-

plane cutting the middle of the height of the cylinder, (b) Distribution of
√

|E x |2 + |E z |2 at the XZ-plane

cutting the middle of the unit cell’s y-axis near the cylinder resonator, (c) Distribution of
√

|E y |2 + |Ez |2
at the YZ-plane cutting the middle of the unit cell’s x-axis near the cylinder resonator, (d) Distribution

of
√

|Hx |2 + |Hy |2 at the XY-plane cutting the middle of the height of the cylinder, (b) Distribution of√
|Hx |2 + |Hz |2 at the XZ-plane cutting the middle of the unit cell’s y-axis near the cylinder resonator,

(c) Distribution of
√

|Hy |2 + |Hz |2 at the YZ-plane cutting the middle of the unit cell’s x-axis near the
cylinder resonator. (a)–(f) additionally show the normalized vector showing the direction of each figure’s
field components. Solid lines mean the interfaces between n-AlGaN and air.

Ni/Au metal layers are adopted as a function of p-GaN or p-Al0.65Ga0.35N thicknesses. Periodically
varying LEEs are due to the interference of downward emitted light and upward reflected light.
In Fig. 9, the metasurface seems uniformly elevates LEE with about a fixed ratio regardless
of the p-type cladding layer’s thickness compared with the flat n-Al0.65Ga0.35N interface. These
phenomena occur due to the two factors. First, highly absorbed photon energy in the Ni/Au and
p-GaN even for the short traveling time of photon at the top-side of DUV-LED structures. Second,
both flat and metasurface interfaces maintain TIR over the critical angel, 23.5°. Since the roughed
interface breaks the TIR and offers various incidence angles for light extraction, the LEE for TM
mode increases more than two times better than the optimized metasurface, as shown in Fig. 9(c)
and (d). Extracted results in Fig. 9 imply that it will be essential to force the incidence angle of light
at the bottom-side interface within the critical angle to maximize the functionality of the optimized
metasurface as a light extractor. Without the engineering to offer the appropriate incidence angles,
the maximum LEEs for TE and TM modes will be below about 6% and 5%, respectively, with Ni/Au
structures.

It has been reported that p-AlGaN/thin Ni/Al can efficiently suppress light absorption in DUV-
LEDs [11]. We calculated its influence on LEE for the structures Fig. 2(a)–(f) as shown in Fig. 10 and
compared it with Ni/Au cases. Within the assumption of infinite lateral chip area, giving a roughness
on n-Al0.65Ga0.35N with p-Al0.65Ga0.35N/Ni/Al (100/2/15 nm) records the 12.9% and 11.8% LEEs
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Fig. 8. Transmittances as a function of the wavelength when dx = dy = 5 or 11 nm. The 5 nm
discretization was used for the unit cell-based calculations and optimization. The 11 nm discretization
was used for the LEE calculations.

Fig. 9. LEEs with the structures adopting Ni(40 nm)/Au(100 nm) metal layers as a function of the
p-GaN or p-Al0.65Ga0.35N thickness: LEE for TE mode of Fig. 2(a)–(c) structures as a function of (a)
p-Al0.65Ga0.35N or (b) p-GaN thickness, respectively. LEE for TM mode of Fig. 2(a)–(c) structures as
a function of (c) p-Al0.65Ga0.35N or (d) p-GaN thickness, respectively.

for TE and TM modes, respectively, as shown in Fig. 10(a). Those LEEs are over twice than the
cases of Ni/Au/p-Al0.65Ga0.35N. The LEEs with AlGaN metasurface are 9.09% and 5% for TE and
TM modes, respectively, within the assumption of the infinite lateral length. Extracted results show
that breaking TIR is a critical point to increase LEE, which is coherent with the previous reports.
Fig. 10(a) also shows that highly reflective Ni/Al metal layers become meaningful only when the
thick p-GaN does not exist due to its large absorption coefficient. When p-GaN is employed, the
alteration of LEE becomes negligible even after adopting Ni/Al.

Al/SiO2 inclined sidewall offers the appropriate feature to focus the incidence angle of light
within the bottom-side interface’s critical angle. Also, laterally propagating light is forced to tilt its
propagation direction with a small loss. Its structural angle-dependent effect was systematically
studied recently [27]. We fixed the sidewall angle to about 45° and investigated its effect on LEE for
the structures of Fig. 2(d)–(f). Electric dipole source polarized parallel to the flat n-Al0.65Ga0.35N/air
interface creates TE mode wave against the bottom-side interface. However, against the sidewall,
both TE and TM modes are generated. The electric dipole source vertically polarized to the flat
n-Al0.65Ga0.35N/air generates TM mode against the bottom-side interface and TE mode against
the sidewall direction. Fig. 10(b) shows that tilting the direction of laterally propagating light to the
bottom direction should significantly increase the LEE. In this case, offering additional roughness at
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Fig. 10. LEEs for the structures of Fig. 2(a)–(f) with fixed 100 nm p-GaN or p-Al0.65Ga0.35N thickness.
Adopting the inclined sidewall, Ni/Al, Ni/Au, p-GaN, or p-Al0.65Ga0.35N becomes variables for the
analysis. (a) and (b) show the results of LEEs without and with inclined sidewall, respectively. The
caption on each bar represents the LEE value for the given structure.

the AlGaN/air interface may trigger an antagonistic effect, as shown by the Fig. 10(b). 56.3% LEE
for p-AlGaN/Ni/Al TE: (S, F) is lowered to 40.4% with the additional roughness. The comparison
between TM: (S, F) and TM: (S, R) shows a 2.5% increase after adopting the typical roughness,
but its increment is too small compared with the loss in TE mode light. When the metasurface is
adopted, always a positive increase of LEE is observed in Fig. 10(b) regardless of the species of
p-type cladding layers and polarizability. The positive effect of the combination of inclined sidewall
and metasurface increases 56.3% and 30.6% LEEs for TE: (S, F) to 57.8% and 37.7%, respectively.

As the next step, we analyze the averaged Poynting vector distributions to observe where the
optical power is mainly localized. Figs. 11 and 12 show the normalized magnitude of Poynting

vector Pm =
√

P2
x + P2

y + P2
z at the XZ-plane cutting the middle of the y-axis for TE and TM modes,

respectively. Px , Py , and Pz mean the time-averaged Poynting vectors of x-, y- and z-directions at
a point, respectively. The colors of all figures in Fig. 11 and 12 represent the legend’s values at
both Fig. 11(f) and Fig. 12(f)’s right-sides. 100 nm p-Al0.65Ga0.35N and Ni/Al layers are fixed as the
commonly shared structural parameters for both Fig. 11 and 12. Fig. 11(a)–(c) and Fig. 12(a)–(c)
show that both TE and TM modes adopting large lateral area will have laterally localized optical
power. Clearer contrast of power focused laterally in Fig. 12(a)–(c) than Fig. 11(a)–(c) means that
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Fig. 11. Distribution of the normalized magnitude of Poynting vector at XZ-plane cutting the middle of
the y-axis for TE mode: the structures of (a)–(f) adopt (I, F), (I, R), (I, M), (S, F), (S, R), and (S, M),
respectively. All structures also adopt Ni/Al(2/150 nm) and 100 nm p-Al0.65Ga0.35N.

Fig. 12. Distribution of the normalized magnitude of Poynting vector at XZ-plane cutting the middle of
the y-axis for TM mode: the structures of (a)–(f) adopt (I, F), (I, R), (I, M), (S, F), (S, R), and (S, M),
respectively. The all structures also adopt Ni/Al(2/150 nm) and 100 nm p-AlGaN.
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the laterally localized power for TM modes is quite severe. The ratio of laterally localized optical
power for TE mode is significantly lowered after employing the inclined sidewall, as shown by
Fig. 11(d)–(f). However, in the case of TM mode with the sidewall, Fig. 12(d)–(f), the laterally
localized optical power is still strong, which is related to the lower LEE than the counterparts of TE
mode. This laterally localized power comes from the active region’s guided wave due to the higher
refractive index n of MQW than both EBL and n-AlGaN. By introducing some scattering structure
into the active region, which can scatter the laterally guided wave, this problem may be solved, but
the fabrication process and leakage current will be more challenging [7]. Additionally, in Fig. 11 and
Fig. 12, a large portion of optical power is circulating inside entire LED structures. The Ni/Al layers
will rapidly absorb such light, and it is why the power contrast between the active region and other
layers is clear. To suppress the absorption by Ni/Al, utilization of the photonic crystal nearby the
metal layers may be useful [28]. Since even the 2 nm Ni can significantly lower the reflectance at
Ni/Al layers, an effective strategy to block the propagating light toward the top-side with low loss is
a key to increasing LEE.

5. Conclusion
In this study, we compared LEEs among six different flip-chip structures and discussed how to
increase further LEEs based on the extracted results. AlGaN metasurface highly increases trans-
mittance before the critical angle, but TIR has remained. Therefore, utilizing AlGaN metasurface
alone is inefficient, but a combination with the inclined sidewall can trigger a synergetic effect. Since
spatial time-averaged Poynting vector shows that the localized optical power for TE and TM modes
still strong even after adopting both sidewall and metasurface, additional treatments are necessary
to scatter laterally propagating light in the active region and to suppress the absorption by Ni for
further LEE increment.
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