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Abstract

Through 3D dipole cloud model, RGB (red, green, and blue) nanowire

light-emitting diode (LED) structures are geometrically optimized to exhibit a

narrower radiation pattern, weaker angular color shift, and higher optical effi-

ciency. In comparison with micro-LEDs whose external quantum efficiency is

dependent on the mesa size, these RGB nanowire LEDs are more efficient than

micro-LEDs when the chip size is below 20, 80, and 10 μm, respectively. As a

result, nanowire LED is a promising candidate for augmented reality and

virtual reality displays where high-resolution density and efficient directional

light emission are desired.
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1 | INTRODUCTION

Nanowire light-emitting diode (LED) is potentially a
strong candidate for augmented reality (AR) and virtual
reality (VR) light engine.1 Compared with micro-LEDs
whose efficiency degrades as the pixel size decreases,2–4

nanowire LEDs can relieve the tradeoff between small
pixel size and high external quantum efficiency (EQE).5–7

At SID 2018, Aledia reported that the EQE of nanowire
LEDs remains a constant when the pitch size is reduced
from 1 mm to 5 μm.5 Among different nanowire
structures, InGaN/GaN dot-in-wire hexagonal LED is
attractive due to the support of full-color monolithic inte-
gration, reduced dislocation density, and excellent electri-
cal performance.8,9 Moreover, its emission wavelength
depends on the wire diameter, which in turn can be con-
trolled by the indium concentration.10 Thus, a full-color
display can be achieved by solely changing the nanowire's
diameter.

For AR/VR applications, the light emitted from the
display panel is collected by a lens before entering the
human eye pupil and the accepting cone is typically about

±20�.11,12 Fortunately, the out-of-plane nanowire struc-
ture functions as a waveguide to offer directional light
emission. However, due to different emission wavelengths
and wire diameters of red, green, and blue (RGB) LEDs,
different waveguide modes are excited in the nanowires
and each mode has its own outcoupling efficiency.13 Thus,
the mismatched radiation patterns could cause a severe
angular color shift.14 Therefore, the geometry of each
nanowire should be optimized separately to efficiently
couple the emitted full-color light to the imaging system.
According to our simulation results, RGB nanowires can
achieve directional light emission, negligible angular color
shift, and high EQE by proper geometrical engineering.

2 | DIPOLE CLOUD SIMULATION
VALIDATION

Finite-difference time-domain (FDTD, Ansys Inc.) is
employed to perform 3D nanowire simulation with sub-
wavelength diameters. Compared with the traditional
method that uses a single dipole in the center of the
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active layer(s), dipole cloud simulation provides a more
accurate result due to the following two reasons: (1) The
central dipole method ignores the dipoles close to the
edge of the active layer(s), which causes a significant mis-
match due to the neglect of high-order mode excited by
symmetry breaking; (2) the dipoles close to the edge of
the active layer(s) typically have a heavier geometrical
weightage. Both methods are applied to a near-infrared
cylindrical InP nanowire LED15 to illustrate their differ-
ence. As shown in Figure 1A, the 3D FDTD simulation
regime is defined by a steep-angle perfect-matched layer
(SA-PML). The nanowire diameter is 230 nm with 2-μm
height that includes a 1.2-μm p-InP layer. The active
layer is composed of a single layer dipole cloud corre-
sponding to the single quantum well layer. The thickness
of resin and top ITO (indium tin oxide) layer is 1.7 μm
and 200 nm, respectively. The top of the nanowire is cov-
ered with a thin spherical capping of ITO. The dispersion
of both InP and ITO is taken into consideration.16,17 A
2D power monitor is placed at the top of the nanowire to
capture the far-field response. As illustrated by the cross-
section view of the active layer in Figure 1B, the dipole
cloud is formed by three sets of electric dipoles which are
separated by 50 nm along the x-axis from center to edge
and each set is composed of x-, y-, and z- polarized
dipoles. Note that the optical response of each dipole is
calculated separately to avoid perfect coherence in FDTD.
Figure 1C compares the normalized polar plot of spec-
trally integrated electroluminescence (EL) between our
simulation results and the experimental data.15 The emis-
sion wavelength is 805–840 nm, which is dominated by

the wurtzite portion of InP nanowire. Therefore, the
dipole oscillating along the c-axis (z-axis) is weaker than
the other two. The measured peak intensity locates at
�12�, which is very close to the dipole cloud simulation
results. However, the radiation pattern calculated from
the center dipole model fails to provide a correct result.

3 | FULL-COLOR InGaN/GaN
NANOWIRE

3.1 | Modeling and color performance of
full-color InGaN/GaN nanowire

We construct a full-color single InGaN/GaN dot-in-
nanowire LED model based on Ra's results.8 As indicated
in Figure 2A, each nanowire consists of a 300-nm n-GaN
layer, 60-nm six vertically aligned InGaN/GaN quantum
dots layer, 150-nm p-GaN layer, and 150-nm GaN cap-
ping layer with diameter of [blue, green, and red] nano-
wire to be [630 nm, 420 nm, and 220 nm], respectively.
The substrate is covered by the 10-nm hexagonal Ti hole
array mask. The dispersion of Ti, GaN, and GaN/InGaN
active region are all considered.18 The nanowire except
the capping is immersed in polyimide whose refractive
index is 1.5. Table 1 lists the material properties at the
center wavelength of each primary color in the
simulation.

Like Section 2, the FDTD simulation region is defined
by SA-PML. A large 3D emission box monitor is placed
around the structure in air to calculate the emission

FIGURE 1 (A) 3D-FDTD InP nanowire LED simulation schematic, (B) cross-sectional view of active layer, and (C) simulated far-field

radiation patterns of InP nanowire LED. The experimental data (black curve) included for comparison is from Motohisa et al.15
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power of the nanowire. The substrate side of the large 3D
box monitor is open to get rid of the substrate loss. Small
3D box monitors are placed surrounding each dipole
source to receive the dipole power. Therefore, the light
extraction efficiency (LEE) can be found from the ratio of
power calculated from the emission box monitor to the
dipole monitor.

In x-y plane, due to the hexagonal structure, dipoles
are divided into two directions: short axis and long
axis, which are defined by the inscribed circle and
circumscribed circle, respectively, and we denote this
axis dependence to be L and S. As shown in Figure 2B,
each adjacent dipole in a blue nanowire LED is
separated by 50 nm along the axis; thus, the short axis
and long axis consist of six and seven dipoles, respec-
tively. Similarly, for green nanowire LEDs, four dipoles
are simulated along short axis, and five dipoles are con-
sidered for long axis. For red LEDs, the total response
consists of two dipoles for short axis and three dipoles
for long axis. Since the GaN crystal structure is wurtzite
and the dipoles oscillating along c-axis is neglected,19

therefore, two polarizations of dipoles are considered:
in-axis and out-of-axis, denoted as I and O,
respectively.

The emission wavelength of dipole sources follows
the unfiltered emission spectra (solid lines in
Figure 3A) measured and reported in Ra et al.8 to

calculate LEE. However, in the far-field, the color
performance of InGaN/GaN-based nanowire LED is
limited. All the three nanowires without color filters
have strong side lobe emissions because the indium
adatom diffusion is difficult to be controlled perfectly.
In addition, the red nanowire emission spectrum is
relatively broad (FWHM �120 nm) since it is formed
by InGaN. After applying color filters above the nano-
wires (dashed lines in Figure 3A), the suppression of
side lobe emission significantly increases the color
purity and enlarges the color gamut as Figure 3B
shows. Without color filters, the nanowire LED only
covers 55.7% DCI-P3 color space and 40.6% Rec.2020,
while it can cover 118.5% DCI-P3 and 86.4% Rec.2020
after applying color filters.

3.2 | Angular distribution and LEE
calculations

In 3D FDTD simulation, the angular distribution
collected from 2D power monitor is azimuthal angle φ,
polar angle θ, wavelength λ, polarization p (in-axis I or
out-of-axis O), simulation axis a (long-axis L or short-
axis S), and position dependent (x, z). However, the
final emission result should only be a function of
(θ, φ). Here, we first eliminate wavelength and

FIGURE 2 (A) Schematic of FDTD

simulation model in X-Z plane. (B) Top

view of blue, green, and red active layer

in hexagonal nanowire LED with a

different diameter.

TABLE 1 FDTD material parameters in Section 3.1 for InGaN/GaN nanowire LED.

Material

Blue (460 nm) Green (530 nm) Red (660 nm)

n k n k n k

GaN 2.49 - 2.40 - 2.37 -

MQW 2.54 - 2.41 - 2.35 -

Ti 1.68 2.25 1.84 2.52 2.25 3.02

QIAN ET AL. 3
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polarization dependence by (1) multiplying the weigh-
tage of each wavelength and (2) averaging each dipole
polarization:20,21

A1 θ,φ,x,z,að Þ¼

P
p¼I,O

Z
A θ,φ,x,z,λ,p,að ÞS λð Þdλ

2
Z

S λð Þdλ
, ð1Þ

where S(λ) is the emission spectrum without color filter
as shown in Figure 3A. The position-averaged angular
distribution for long axis (A2L) and short axis (A2S) can
be calculated as

A2L θ,φð Þ¼

P6
z¼1

ZRL

0

A1L θ,φ,x,zð Þ2πxdx

6πR2
L

, ð2aÞ

A2S θ,φð Þ¼

P6
z¼1

ZRS

0

A1S θ,φ,x,zð Þ2πxdx

6πR2
L

, ð2bÞ

where RL and RS are radius of the circumscribed circle
and inscribed circle, respectively. The total angular distri-
bution can be obtained from the summation of all the
short and long axes dipole responses.

In AR waveguide, a large optical power collimation
lens is required to achieve a large field-of-view for

microdisplays. However, the small f-number lens is lim-
ited by its physical size, resulting in an accepting cone of
about ±20�. Therefore, we define the effective LEE to be
the LEE received within ±20� in the far-field; otherwise,
the light would not be received by the imaging system.
Therefore, the wavelength and polarization independent
effective LEE can be expressed as

η 20ð Þ x,z,að Þ¼

P
p¼I,O

Z
r 20ð Þ x,z,λ,p,að ÞPE x,z,λ,p,að Þ

PD x,z,λ,p,að ÞS λð Þdλ

2
Z

S λð Þdλ
,

ð3Þ

where r(20) is the ±20� spectral ratio, PE is the total
emission power, and PD is the total dipole power as men-
tioned in Section 3.1. The calculation of position-
averaged effective LEE for long and short axis dipole
responses are similar to Equations (2a) and (2b). The
total LEE is the summation of both axis dipole responses.

3.3 | Light emission from unoptimized
nanowire LEDs

Based on FDTD simulation results in Section 2 and the
equations in Section 3, we calculate the normalized 2D
angular distribution for blue, green, and red nanowire
LEDs in Figure 4A–C, respectively. Among these
nanowire LEDs, the blue nanowire (Figure 4A) shows

FIGURE 3 (A) Measured EL spectra of single nanowire LEDs with different diameters from Ra et al.8 (B) Simulated color triangle of the

GaN/InGaN nanowire LED display.

4 QIAN ET AL.

 19383657, 0, D
ow

nloaded from
 https://sid.onlinelibrary.w

iley.com
/doi/10.1002/jsid.1211 by Fl-Sus U

niversity O
f C

ntrl Flo, W
iley O

nline L
ibrary on [25/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the broadest angular distribution because high-order
waveguide modes can be easily excited in waveguides
with a large diameter. Besides, the light intensity in the
center of the green nanowire is weaker than its counter-
part at �20� to 40� (Figure 4B), which is also known as
batwing profile. On the other hand, the red nanowire
LED (Figure 4C) shows the narrowest spectrum. Accord-
ing to Equation (3), the effective LEE of [blue, green, and
red] nanowire LEDs is [9.3%, 18.8%, and 30.6%], respec-
tively. Similarly, the substrate loss is calculated as [29.0%,
41.9%, and 31.6%].

To better understand the light emission from the hex-
agonal waveguide, we plot the electric field intensity of
the selected x-polarized long-axis dipoles in Figure 4D–F
for blue, green, and red nanowires, respectively. Note
that the edge dipoles are picked because they have the
heaviest geometrical weightage as Equation (2a) implies.
Figure 4D indicates that a large portion of light escapes
from the waveguide through the sidewall instead of emit-
ting from top of the blue nanowire. Therefore, a broad
angular distribution and a large loss can be expected. For
green nanowire LEDs (Figure 4E), light is mostly emitted
from the capping with a tilted angle, which results in a
batwing profile. Compared with the other two cases, red
nanowire (Figure 4F) is more efficient in concentrating
light in normal direction and the leakage loss from the
sidewall is suppressed. Additionally, the mismatched
angular distribution between RGB nanowire LEDs will
introduce angular color shift, which will be discussed in
Section 3.5.

3.4 | Optimization

It should be mentioned that there are several constraints
during the optimization process. First, the nanowire
diameter must be fixed; otherwise, the emission wave-
length will be different due to the change of indium ada-
tom diffusion. Second, the height of the RGB nanowire
main body should be identical because the electrodes are
fabricated at the same height in real applications. There-
fore, we design our optimization process in two aspects:
(1) changing the n-GaN and p-GaN layer thickness simul-
taneously and (2) modifying the capping layer height.
The n-GaN/p-GaN layer thickness controls the interfer-
ence between the dipoles in active layer and their reflec-
tion from the GaN-Ti and GaN-air interfaces.
Additionally, p-GaN capping thickness determines the
outcoupling efficiency of light from the waveguide into
air. Therefore, we designed a two-dimensional sweeping
of (1) the vertical position of the active layer by changing
the bottom n-GaN thickness with 10-nm step and (2) the
p-GaN capping height from 0 to 150 nm with 30-nm step.
Here, we only focus on the optimization of edge dipoles
on long axis due to our limited computer memory.

As indicated in the top figures of Figure 5A–C,
increasing capping height consistently broadens the
angular distribution for all the cases because the emitted
light from the nanowire waveguide is tilted by the cap-
ping; therefore, we remove the capping layer in our
design. On the other hand, a narrower angular distribu-
tion does not necessarily equal to a higher effective LEE;

FIGURE 4 (A–C) Normalized 2D angular distribution for (A) blue, (B) green, and (C) red LEDs. (D–F) Calculated distribution maps of

jEj2 at the capping layer with x-polarized edge dipoles for (D) blue, (E) green, and (F) red nanowire LEDs.

QIAN ET AL. 5
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thus, we plot the 2D colormaps of effective LEE based on
Equation (3). Results are shown in the bottom figures of
Figure 5A–C. Based on these results, we find that the
optimized values for [blue, green, and red] nanowire
LEDs are (1) to remove the p-GaN capping completely
for all the cases and (2) to set n-GaN thickness at [120,
240, 250] nm, respectively.

Based on the optimized geometrical values, 3D dipole
cloud is simulated for each case. As calculated from
Equation (3), the effective LEE of [blue, green, and red]
nanowire LEDs increases from [9.3%, 18.8%, and 30.6%]
to [10.0%, 25.6%, and 33.0%], respectively. As shown in
Figure 5D–F, due to the competition between radial
mode and whispering gallery mode, the effective LEE sig-
nificantly fluctuates with the variation of the dipole's
position along x-axis and the results agree well with pre-
vious simulation works.20 For blue nanowire LEDs as
Figure 5D depicts, the increment of effective LEE is
mainly dominated by the edge dipole. The excitation of
high order modes makes it difficult to achieve the highest
effective LEE for all the dipoles simultaneously. On the
other hand, the effective LEE of green nanowire LEDs
(Figure 5E) can be improved significantly if the batwing
profile is eliminated. For red nanowire LEDs, although
the geometry of the unoptimized nanowire is already

showing a reasonably good performance, the efficiency of
all the dipoles can still improve by �10%, as indicated in
Figure 5F. The loss on the substrate side is calculated as
[30.2%, 42.0%, and 32.5%] for [blue, green, and red] nano-
wires, which is close to unoptimized nanowires.

3.5 | Performance

Since the 2D angular distribution is almost circularly
symmetric after considering both long-axis and short-axis
dipoles, 1D angular distribution (φ = 0�) can provide a
fair comparison between unoptimized and optimized
cases. As depicted in Figure 6A, in contrast to unopti-
mized data (solid lines), the optimized angular distribu-
tion (dashed lines) shows a better angular match within
the accepting cone (θ = 0�–20�). Remarkably, the batw-
ing profile of the green nanowire is eliminated and the
angular FWHM of [blue, green, and red] nanowires is
reduced from [48�, 47�, and 35�] to [37�, 33�, and 24�],
respectively. Figure 6B,C describes the ±20� angular
color shift of 18 reference colors in Macbeth Color-
Checker for unoptimized and optimized nanowire
LEDs,22 respectively. After optimization, the angular
color shift, especially for green mixed colors, is

FIGURE 5 (A–C) 2D colormap of top: angular FWHM and bottom: effective LEE as a function of n-GaN thickness and p-GaN capping

height: (A) blue, (B) green, and (C) red nanowire LEDs. (D–F) Dependence of effective LEE on the dipole source position along x-axis for

(D) blue, (E) green, and (F) red nanowire LEDs. Horizontal lines: radius-averaged effective LEE before optimization (dotted) and after

optimization (dashed).

6 QIAN ET AL.
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suppressed due to the elimination of batwing profile. The
inset in Figure 6C shows that the average ±20� color shift
of unoptimized nanowires is Δu0Δv0 = 0.023, which
exceeds human just-noticeable level (Δu0Δv0 = 0.02),
while the ±20� color shift is only 0.013 for the optimized
nanowires. Remarkably, the color shift is not observable
until θ > 25�, which is already beyond the current accept-
ing cone for AR applications.

As mentioned in Section 3.4, the effective LEE of
[blue, green, and red] nanowire LEDs increases from
[9.3%, 18.8%, and 30.6%] to [10.0%, 25.6%, and 33.0%],
respectively. If the blue and green InGaN/GaN nano-
wire LEDs can achieve 58.5% IQE23 and red nanowire
LED can achieve 32.2% IQE,24 then the corresponding
effective EQE for AR applications will be [blue, green,

and red] = [5.9%, 15.0%, and 10.6%]. For μLEDs, its
EQE decreases as the mesa size decreases due to side-
wall defects and surface recombination. Even if we
assume that all the produced light from μLEDs can be
coupled into the AR/VR imaging system, in comparison
with blue25,26 and green InGaN μLEDs25,27–29 in which
EQE is size dependent, our blue nanowire LED still has
a higher EQE than μLED whose mesa size is smaller
than 10 μm as shown in Figure 7. The advantage of
nanowire is pronounced for green light emission and
the effective LEE of green nanowire LEDs is even
higher than that of 80-μm μLED. For red light emis-
sion, InGaN/GaN can only achieve 32.2% IQE; how-
ever, compared with AlGaInP red μLEDs,30 our red
nanowire LED shows a higher EQE than that with

FIGURE 6 (A) Comparison of normalized 1D angular distribution between unoptimized (solid lines) and optimized (dash lines)

nanowire LEDs. (B, C) Simulated angular color shift of 18 reference colors from 0� to 20� (B) before and (C) after optimization. (Inset)

Simulated average color shift from 0� to 30� viewing angle after optimization.

FIGURE 7 Comparison between

calculated effective EQE of nanowire

LED (horizontal dashed lines) with

measured EQE of blue InGaN μLEDs
from Smith et al.25 and Olivier et al.,26

green InGaN μLEDs from previous

studies,25,27–29 and red AlGaInP μLEDs
from Fan et al.30 as a function of mesa

diameter. Vertical dashed lines: EQE of

μLEDs with 10-μm mesa size.

QIAN ET AL. 7
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20-μm mesa size because of its exceedingly high effec-
tive LEE. For a display panel consisting of RGB μLEDs
with 10-μm mesa size, our [blue, green, and red]
nanowire LED offers [1�, 1.6�, and 1.4�] higher
efficiency, respectively. In other words, considering
sub-pixel rendering, when the resolution density of the
full-color display panel exceeds 1270 PPI, nanowire
LEDs can always provide a higher efficiency than
μLEDs. As the resolution density further increases, the
advantage of nanowire LEDs is more pronounced than
μLED, which makes nanowire LED an efficient direc-
tional light engine for AR/VR displays.

4 | CONCLUSION

In this work, we have simulated, calculated, and
optimized the angular distribution and effective LEE of
full-color InGaN/GaN nanowire LEDs by 3D dipole cloud
simulation. In such a display system, color filters are
applied to enlarge the color gamut. By removing the
capping and modifying the position of the active layers,
the angular color shift within ±20� is eliminated and the
effective LEE of [blue, green, and red] nanowire LEDs
increases from [9.3%, 18.8%, and 30.6%] to [10.0%, 25.6%,
and 33.0%], respectively. Compared with RGB μLEDs for
AR/VR applications, nanowire LEDs can achieve a
higher efficiency when the resolution density of the full-
color display panel exceeds 1270 PPI.
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