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Abstract: Micro-LEDs have found widespread applications in modular large-screen TVs, automotive
displays, and high-resolution-density augmented reality glasses. However, these micron-sized LEDs
experience a significant efficiency reduction due to the defects originating from the dry etching
process. By controlling the current distribution via engineering the electrode size, electrons will
be less concentrated in the defect region. In this work, we propose a blue InGaN/GaN compound
parabolic concentrator micro-LED with a metallic sidewall to boost efficiency by combining both an
optical dipole cloud model and electrical TCAD (Technology Computer-Aided Design) model. By
merely modifying the p-GaN contact size, the external quantum efficiency (EQE) can be improved
by 15.6%. By further optimizing the passivation layer thickness, the EQE can be boosted by 52.1%,
which helps enhance the display brightness or lower power consumption.

Keywords: vehicle display; mobile phone display; transparent display; sunlight readability

1. Introduction

Lately, micro-LEDs (light-emitting diodes) have found widespread applications in modu-
lar large-screen TVs [1], automotive displays [2], and augmented reality (AR) glasses [3] due
to their small mesa size, ultra-high brightness, excellent thermal stability, perfect dark state,
and long lifetime [4-8]. Still, the requirement to produce full-color ultra-small uLED chips
with high efficiency is demanding [9,10]. For transparent head-up displays in vehicles, tLEDs
with a mesa size smaller than 20 pm and luminance over 3000 nits are required to maintain
a high ambient contrast ratio under direct sunlight [11]. For lightweight AR glasses, the
uLED light engine is usually imbedded in the temple. Therefore, the pixel size should be
smaller than 5 um in order to achieve high resolution density in a tiny (<0.2”) microdisplay
panel [12]. In addition, to deliver recognizable images to the user under a daylight outdoor
environment (e.g., 3000 nits), the digital image brightness of about 10,000 nits is required
to offer a minimally acceptable ambient contrast ratio ACR > 3:1. If the losses from the
waveguide optical combiner and exit pupil expansion are considered, then the required
display luminance would exceed ~1 million nits.

To fabricate such small pLED chips, an accurate dry etching process is often em-
ployed when forming the mesas, while the sidewall defects induced by plasma etching

will decrease the efficiency significantly [13,14]. Such an efficiency degradation is mainly
attributed to the increasing carrier delocalization, which results in a higher surface re-
combination velocity [15,16]. Several approaches have been developed to circumvent this
issue. For example, the wet etching process can remove the damaged material, but the
chip size uniformity could be compromised [17]. Surface passivation by the dielectric layer
can alleviate the sidewall defects, but this reduces the light-emitting area [18,19]. In 2019,
Wong et al. fabricated pLED structures on a patterned sapphire substrate with a varying
40/). mesa size from 10 um x 10 um to 100 um x 100 um. By applying a combination of wet

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /

Crystals 2024, 14, 503. https:/ /doi.org/10.3390/ cryst14060503 https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14060503
https://doi.org/10.3390/cryst14060503
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-2157-0497
https://orcid.org/0000-0002-0943-0440
https://doi.org/10.3390/cryst14060503
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14060503?type=check_update&version=1

Crystals 2024, 14, 503

2 0f 10

etching and surface passivation, the size effect of uLED is suppressed while keeping a high
external quantum efficiency (EQE = 22% to 27%) [20]. Other approaches, such as nanowire
uLED chips fabricated by the bottom-up method, can avoid such sidewall damage and
achieve an almost size-independent EQE [21,22]. Recent progress shows that red-emitting
submicron nanowire InGaN LEDs can achieve an EQE of ~8% at a current density of
~1 A/cm? [23]. However, the fabrication cost remains to be lowered due to the demanding
cleanroom environment.

Except for improving EQE through a fabrication procedure, a controlled current
distribution in a pLED can alleviate its size effect. As introduced by Keith et al. [24],
modifying the p-GaN contact diameter helps reduce the sidewall recombination and
current crowing efficiency losses in a 10 um diameter pLED. However, optical models
should be taken into consideration for calculating the light extraction efficiency (LEE) to
provide an accurate geometry-dependent light emission. In 2023, Hsu et al. studied the
current confinement effect on a 10 um x 10 um pLED array. An optimized EQE of 9.95% is
achieved when the electrode contact size is 5 pm x 5 pm. To accurately calculate LEE in
a uLED chip, the dipole cloud model considers the active layer in the uLED to be dipole
arrays instead of a single dipole in the center [25]. On the other hand, previous works
related to the dipole cloud model often neglected the electrical weightage of each dipole,
which is far from the realistic case. Therefore, electrical simulations should be performed to
provide a more accurate result. As a result, the combination of electrical simulation and the
dipole cloud model can provide a more accurate result.

In this paper, we construct a vertical-chip compound parabolic concentrator (CPC)
blue InGaN/GaN single-quantum well (SQW) uLED via both optical and electrical simu-
lations. The optical dipole cloud model is built in a commercial wave optics simulation
software Finite-Difference Time-Domain (FDTD 2024 R1.3, Ansys Inc., Canonsburg, PA,
USA), and electrical simulation is performed in Silvaco technology computer-aided design
(TCAD 5.0.10.R, Silvaco Inc., Santa Clara, CA, USA). Then, we investigate the mechanism
behind metallic sidewall loss and optimize the reflectance from the metallic sidewall by a
dielectric passivation layer to suppress the surface plasmon polariton (SPP) mode. Next,
we optimize the CPC uLED with the dipole cloud model to study the position-dependent
LEE. To consider the electrical weightage of each dipole, we combine the LEE results with
the current distribution based on TCAD. By properly designing the p-GaN contact size, the
weightage of the dipoles close to the sidewall can be reduced, which improves the normal-
ized EQE by 15.6%. By further optimizing the dielectric passivation layer’s thickness, SPP
loss is suppressed, which in turn dramatically improves the normalized EQE by 52.1%.

2. Simulation Methods
2.1. Optical Model for Blue InGaN/GaN CPC yLED

The vertical-chip cylindrical uLED model with a vertical n-electrode was constructed
in 2D-FDTD simulation by employing the CPC structure, which has been widely used to
concentrate the light emitted by LEDs [26]. As indicated in Figure 1, the curved CPC shape
sidewall is 1-um Al (n = 0.63 + j5.45 @ A = 450 nm) coated with a 500-nm SiO; (1 = 1.5)
passivation layer. The active region is a layer of 3 nm InGaN SQW, and the electron blocking
layer (EBL) is a 50 nm thick AlGaN. The uLED is immersed in polyimide, whose refractive
index is 1.5. The p-contact and n-contact are Au and ITO (indium tin oxide), respectively.
Although using ITO as an n-contact is not very efficient for electron injection, which in
turn increases the driving voltage, its excellent transparency helps to achieve a high LEE.
In addition, placing the p-GaN layer under the active layer instead of the thick n-GaN
layer is beneficial to optical design freedom. At the top of the structure, the Al sidewall
is insulated from the ITO electrode by a 500 nm SiO, layer to avoid the conduction issue.
The dispersion of all the materials and blue light emission spectrum from the QW are all
considered [27-29]. The boundary condition is a 16-layer steep-angle perfect-matched layer
(SA-PML) to absorb all the escaped light. A large 2D emission box monitor is placed around
the structure in air to calculate the emission power of the LED. The substrate side of the 2D
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large box monitor is open to get rid of the substrate loss. Small 2D dipole box monitors are
placed surrounding each dipole source to calculate the dipole power. Therefore, the LEE is
calculated by the ratio of the emission power to the dipole power. Since the GaN crystal
structure is wurtzite, only dipoles oscillating along x- and z-directions are considered, and
we denote them as in-plane (I) and out-of-plane (O), respectively.

Steep-angle PML

Power Monitor
Emission box monitor

ITO
9um
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e
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Figure 1. Geometry of uLED and schematic of 2D FDTD simulation model in x— plane.

2.2. LEE Calculation

As reported in [25], in terms of calculating the angular distribution and LEE, the dipole
cloud model can provide a more precise result than the traditional center dipole model,
although it requires a larger amount of computer memory. In this simulation, the FDTD
dipole cloud model is built based on a total of 10 horizontal dipoles simulated in the active
region due to circular symmetry. Each dipole is separated by 200 nm along the horizontal
axis (x-axis) from the center of the quantum well. The angular distribution of each dipole
can be calculated by eliminating the wavelength A and polarization p (I or O):

_ Lp-10 [ A(6,x,A,p,a)S(A)dA
Arl,3) = 2[ S(A)dA ’

)

where A is the calculated far-field distribution, 6 is the polar angle, S(A) is the emission
spectrum, and x is the distance from the dipole to the center of the quantum well.

For near-eye displays, the accepting cone of the imaging system is typically limited
to £20°. For automotive displays on the driver’s side, such as the head-up display and
dashboard panel, the position of the driver’s eyebox is typically fixed, resulting in a
preference for quasi-collimated light emission from the display. Therefore, we only consider
the effective LEE (LEE,), which is the LEE received within +20° in the far-field:

(x) = Yp—10 J k(x, A, p)n(x, A, p)S(A)dA
= 2[S(A)dA s

)

where A is the incident wavelength, p is the dipole oscillating direction (I or O), # is
the calculated LEE for each dipole, and k is the +=20° spectral coefficient, which can be
calculated by integrating the light intensity from the far-field monitor. The total effective
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LEE of the dipole cloud can be calculated by properly weighting the response from each
dipole as follows:

foX 11(0, ¢, x,z)2mxdx
LEEy = s ’

(3)

where X is the radius of the quantum well.

2.3. Electrical Model of CPC uLED

The electrical model is constructed in Silvaco TCAD. Before building the electrical
model of our CPC vertical-chip uLED, experimental validation is performed based on the
results published by Behrman and Kymissis [24]. Different from our vertical electrode
structure, the validating model is a 10 pum SQW InGaN/GaN LED with nGaN contact on
the side. As shown in Figure 2, the I-V curve agrees with each other very well when the
voltage sweeps from 3.2 V to 4 V.

O  Measured /
- = = Simulated o

o]
o
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Figure 2. Electrical simulation model validation through I-V curve fitting with experimental data.

After the model is validated, we construct our CPC vertical-chip SQW uLED in
Silvaco TCAD. Detailed geometry is shown in Figure 1, and doping is listed in Table 1.

The thickness of pGaN is optimized by optical simulation, which will be discussed in
Section 3.2.

Table 1. Material, thickness, and doping concentration of the pLED in Silvaco TCAD simulation.

Material Thickness Doping
Au 100 nm N/A
pGaN 120 nm 1 x 1029 /cm?
pAlGaN 50 nm 1 x 1020 /cm?
InGaN 3 nm N/A
nGaN 2.83 um 1 x 10%0/cm?
ITO 100 nm N/A

3. Results and Discussion
3.1. Reducing the Loss from Surface Plasmon

To recycle the bottom emitted light and to narrow the radiation patterns, a reflective
sidewall composed of metals, such as Al and Ag, is typically applied in uLEDs with
dielectric surface passivation. On the other hand, SPP modes may be excited on the metal—-
dielectric interface. Due to momentum matching conditions, surface plasmon resonance
will be excited at a specific incident angle, which induces strong absorption loss [30,31].
Figure 3a describes the SPP mode inside the multi-layered GaN-SiO,-Al reflective structure.
With a TM plane wave excitation, the SPP confined in the SiO; layer travels along the
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metal-dielectric interface, introducing a nonradiative loss originating from the damping
of excited electrons in the metal at the resonance frequency. Figure 3b,c show the FDTD-
calculated reflectance of the multi-layer Al reflector with different SiO, dielectric layer
thickness as a function of the incident angle for the TE and TM plane waves, respectively.
For the TE incidence, the SPP mode is forbidden because of lacking an electric field along
the wave propagation direction, and the minor absorption loss mostly comes from the
material. However, a reflectance dip at around 40° is found for the TM light incidence,
especially when the dielectric layer thickness is below 400 nm. As the passivate dielectric
layer thickness increases to 400 nm, the reflectance increases to over 80% in the whole
spectra, and the loss from SPP resonance is suppressed. To investigate the underlying
mechanisms behind the far-field reflectance response for the dielectric-coated metallic
reflector, we calculated the near-field distribution profile of the electric field amplitude.
Figure 3d reveals that an intense electric field is localized at the metal-dielectric interface
and confined by the 100 nm thin SiO; layer. For the light incident from GaN into SiO,, the
total internal reflection (TIR) condition is reached when the incident angle exceeds 36.8°.
Therefore, SPP is excited by the evanescent wave from TIR in this case since the dielectric
layer is very thin. On the other hand, Figure 3e shows that the evanescent wave can barely
reach the metal-dielectric interface, and an almost unity reflectance can be achieved due
to the thick SiO, layer. Instead, an intense electric field is only localized at the GaN/SiO,
interface. Overall, a passivate dielectric thickness over 400 nm is necessary to suppress SPP
mode and obtain a high reflectance for the Al reflectors.
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Figure 3. (a) SPP excitation on Al-5iO,-GaN multi-layer structure. (b,c) FDTD-calculated reflectance
spectra for the Al reflector with different SiO, thickness excited by (b) TE and (c) TM incidence,
respectively. (d,e) FDTD-calculated distribution maps of |E| at SPP mode when (d) d = 100 nm and
(e) d = 500 nm, respectively.
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3.2. uLED Optical Performance

In the vertical-chip cylindrical pLED with a metallic sidewall, as shown in Figure 1,
the LEE is mainly dependent on the following three factors: (1) the focus of CPC structure,
(2) the reflectance from Al sidewall, and (3) the TIR inside the GaN chip. Therefore,
to maximize LEE, proper p-GaN layer thickness is required [32]. Limited by computer
memories, we only consider the electric dipoles in the center of the active region to simulate
the optical properties of the SQW because the CPC structure can efficiently concentrate
light through its focal point [26]. As shown in Figure 4, by sweeping the p-GaN thickness
from 0.05 pm to 0.64 um, the optimized effective LEE is found to be 32.5% when the p-GaN
thickness is 0.12 pm.

0.35

0.3

0.1
0 01 02 03 04 05 0.6

p-GaN thickness (;2m)

Figure 4. FDTD-calculated effective LEE as a function of p-GaN thickness. Red dot indicates the
optimized effective LEE when p-GaN thickness is 0.12 um.

After determining the optimized p-GaN thickness, we calculate the position-dependent
angular distribution of the selected dipoles, as shown in Figure 5a. For dipoles placed
at the center of the quantum well, the emission is more directional because it is closer to
the CPC focal point. On the other hand, the angular distribution of dipoles which are
close to the edge of the quantum well (e.g., x = 1.8 pm) is much broader. In addition, the
batwing profile might induce angular color shift [33]. Therefore, as depicted in Figure 5b,
the effective LEE decreases as the dipole moves closer to the edge of the quantum well.
Due to interference, the effective LEE slightly fluctuates with the dipole position, which
can also be found in previous studies [25]. As a result, the light out-coupling of dipoles at
the edge of the quantum well is less efficient than those dipoles in the center.
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1 L D
= 0.8
g
z
S
2
.z 0.6 -
Eos | | - ——S000m Si0,
E ! ! 015F 1000m $i0,
= | | .15
2 1 |
02 x=center : : 0.1
x=lpm | |
x=18zm|| | \
0 I 1 0.05
-90 -60  -30 0 30 60 90 0 0.4 0.8 1.2 1.6
Angular distribution (degrees) QW position x (;zm)

Figure 5. (a) Simulated radiation pattern of the center dipole (blue) and other selected dipoles whose
distance from the center of the quantum well is 1 um (orange) and 1.8 um (yellow). (b) Simulated
effective LEE as a function of the distance from the dipole to the center of the quantum well when
dielectric coating is 500 nm (blue) and 100 nm (green).
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3.3. uLED Electrical Performance

Based on the parameters in Section 2.3, the I-V curve is calculated, and the results are
plotted in Figure 6a. As the p-contact radius (r) decreases from 1.8 pm to 0.1 um, the slope
of the I-V curve keeps decreasing. That means, for the same operating current density
(e.g., 100 A/cm?; the horizontal dashed lines), the pLLED with a smaller p-contact requires
a higher anode voltage because of less current diffusion. In this case, electrons will be
confined in the center of the QW, and the effective cross-section of the QW is reduced. This
phenomenon is more pronounced for an extremely small p-contact, and a similar trend is
also found in Hsu’s previous work [34]. Figure 6b depicts that the required anode voltage
to provide a current density of 100 A/cm? slightly increases from ~2.895 V to ~2.980 V as r
decreases from 1.8 um to 0.1 pm. Thus, the pLED driving becomes more difficult as the
p-contact radius decreases.

(3)300 (b)3
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$200 ——1r=0.7 pm < 2.96
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Figure 6. (a) Simulated I-V characteristic curves with p-contact radius varying from 0.1 um to 1.8 pm.
(b) The corresponding anode voltage at current density = 100 A/ cm?.

The normalized radiative recombination rate distribution in the QW is shown in
Figure 7. For uLEDs with a small electrode, due to the thin p-GaN layer, the center of
the QW will be excited more strongly than those regions near the sidewall because of less
current diffusion [24]. In this scenario, the uLED efficiency would be reduced due to a
stronger Auger recombination if the current density is high enough. On the other hand, for
uLEDs with a large electrode, the curve is almost flat due to current diffusion. In this case,
the efficiency degradation due to a sidewall defect will be more pronounced because the
dipoles close to the sidewall defect region will be excited [35]. To include this part in our
model, the IQE degradation on the uLED sidewall needs to be considered.

0.9 F ——r=0.1 pm| _
—r=0.3 pm
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—r=0.7 pm
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Figure 7. TCAD-calculated normalized radiative recombination rate distribution in the QW with a
varying r.



Crystals 2024, 14, 503

8 of 10

3.4. EQE Improvement

Based on the above analysis, for the CPC pLED with a reflective sidewall, the radiative
recombination distribution of the QW is dependent on the p-GaN contact size. For a
large radius p-contact, the current is more uniformly distributed, and the dipoles near the
sidewall are more heavily excited, so that its driving voltage is lower. However, the dipoles
on the edge suffer a stronger recombination loss due to sidewall defects. In addition, the
effective LEE is lower for these dipoles. On the contrary, for a small radius p-contact, the
dipoles placed in the center of the QW are more heavily excited, which helps reduce the
sidewall effect. However, the Auger recombination loss can be more significant, depending
on the operating current density [36].

The IQE degradation due to sidewall damage can be visualized by the cathodolumi-
nescence (CL) lifetime measurement of the SQW. According to Finot’s work [37], if we
consider that the IQE in the center of the active layer is 100%, the IQE decreases from
1 to ~0.6 due to sidewall damage (Figure 8 inset). By considering all the factors, Figure 8
indicates that the highest EQE of 17.8% is achieved when the electrode radius is ¥ = 0.1 pm
at 100 A/cm? operating current. By increasing d from 100 nm to 500 nm, when r = 1.8 um,
the EQE increases from 11.7% to 15.4%, corresponding to a 31.6% improvement. When
d = 500 nm (the blue line in Figure 8), EQE increases from 15.4% to 17.8% by reducing the
p-contact radius from 1.8 um to 0.1 um, which corresponds to another 15.6% improvement.
Therefore, the overall EQE improvement is 52.1%. However, a minor tradeoff is that the
operating voltage increases from 2.895 V to 2.980 V, which can lead to a slightly heavier
load to the driving backplane.

0.18 — T T T T T T T
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100nm Si()2
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é . @ 0.8
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Figure 8. Effective EQE by varying p-contact radius from 0.1 pm to 1.8 pm. Inset: IQE degradation
due to sidewall defect.

4. Conclusions

We have analyzed and optimized the blue InGaN/GaN CPC pLED with Al sidewall
by implementing both an electrical model in TCAD and optical model in FDTD. First, via
2D-FDTD simulation, we adjust the passivation layer thickness on Al to achieve a higher
reflectance by forbidding the SPP mode. Afterward, a dipole cloud model is employed
to calculate the optical response of the CPC puLED. For parabolic pnLEDs with metallic
sidewalls, the light generated at the center of the active layer couples out more easily
compared to that generated at the edge. In addition, dipoles close to the sidewall of the
chip suffer from a lower IQE due to sidewall damage. To reduce the electrical weighting
of edge dipoles, an electrical model in TCAD is applied to control the current distribution
by varying the electrode size, and a 15.6% EQE improvement is achieved. By further
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optimizing LEE through p-GaN thickness and considering the sidewall reflectance by
optimizing SiO, thickness, a total of 52.1% EQE improvement is obtained. The EQE after
optimization is 17.8%. Such an optimized structure will help micro-LEDs to achieve higher
efficiency for TVs, AR glasses, and automotive displays.
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