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Abstract: This study investigates polarization-dependent light exiraction -efficiency
(Mextraction) ©f AlGaN-based flip-chip ultraviolet (UV) light-emitting diodes (LEDs) emitting
at 230 nm and 280 nm with microdome-shaped patterning on sapphire substrate based on
3-D finite-difference time-domain simulations. Three types of patterned sapphire substrates
(PSS) have been analyzed: bottom-side PSS, top-side PSS, and double-sided PSS. Our
results show that microdome-shaped patterning on sapphire substrate is predominantly ben-
eficial in enhancing transverse-magnetic (TM)-polarized output. Specifically, TM-polarized
Textraction €Nhancement of up to ~4.5 times and ~2.2 times can be obtained for 230 nm and
280 nm UV LEDs with bottom-side PSS, respectively, and ~6.3 times and ~1.8 times for 230
nm and 280 nm UV LEDs with top-side PSS, respectively. By employing double-sided PSS,
up to ~11.2 times and ~2.6 times enhancement in TM-polarized rexiracion can be achieved
for 230 nm and 280 nm UV LEDs, respectively. In contrast, the microdome-shaped PSS
act as a reflector for transverse-electric-polarized photons which leads to severe limitation
in light extraction for both 230 nm and 280 nm flip-chip UV LEDs. Thus, it is expected that
this study will serve as a guidance in designing PSS for high-efficiency mid- and deep-UV
LEDs.

Index Terms: Patterned sapphire substrate, polarization-dependent light extraction effi-
ciency, quantum well structure, ultraviolet light-emitting diodes.

1. Introduction

Ill-nitride-based optoelectronic devices have been employed extensively in wide variety of appli-
cations attributed to their compact sizes, higher energy efficiency, longer lifetime and robustness.
As a result, ternary AlGaN alloys have been considered as promising candidates in replacing
conventional ultraviolet (UV) light sources for applications such as photolithography, resin curing
for three-dimensional (3D) printing, water and air purification, sterilization, and bioagent detection
[1-4]. Nevertheless, the growth challenges for high-quality Al-rich AIGaN epilayers have impeded
the realization of high efficiency UV light-emitting diodes (LEDs) as the difficulties in p-type dop-
ing for AlGaN layer has limited the injection efficiency (mnjection) [5], [6] while the large threading
dislocation density from AlGaN materials has resulted in low internal quantum efficiency (nqg) [7],
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[8]. Additionally, strong UV light absorption in p-GaN contact layer as well as anisotropic emission
at high Al-composition AlGaN quantum wells (QWSs) in deep-UV regime [9]-[12] have restricted the
light extraction efficiency (nexiraction) from AlGaN-based planar UV LEDs. Consequently, <10% of
external quantum efficiency (neqe) has been reported for planar AlGaN-based QW UV LEDs with
emission wavelength (L) < 300 nm, and the ngqe further drops to ~1% for A < 250 nm [3], [13],
[14]. Various fabrication methods and growth techniques have been proposed to address issues
associated with 1ow #injection @and mae [15]-[29]. On the other hand, various LED device structures
such as flip-chip design [30], [31], patterned sapphire substrate (PSS) [14], [20], [32], patterned p-
type layer [33], and nanowire structure [34]-[36] have been investigated for enhancing the nexiraction
of UV LEDs.

Among all the proposed methods for improving the nexiraciion, the use of PSS has received signifi-
cant attention due to 1) reduced fabrication complexities, and 2) minimized dislocation density from
epitaxial growths, which reduces the possibility of photons trapping in the defect sites [20], [32].
Recent experimental work on 282 nm AlGaN-based UV LEDs with nano-PSS has reported 3.45%
of neqe (~98% enhancement as compared to LED with flat sapphire surface) [20], while experi-
mental study on 275 nm flip-chip LEDs with PSS has recorded maximum ngge > 16% (~4-times
larger than flip-chip LED with flat sapphire substrate) [14]. In spite of these encouraging experi-
mental results, there has been very limited works exploring the polarization-dependent neyiraction for
flip-chip UV LEDs with PSS, which is particularly important for AlIiGaN-based UV LEDs as emission
from AlGaN QW with L < 230-240 nm is primarily transverse-magnetic (TM) [E // c-axis] dominant
whereas A > 250 nm is mosily transverse-electric (TE) [E L c-axis] dominant [9], [10].

In this work, we examined the light extraction mechanisms for flip-chip UV LEDs with microdome-
shaped array patterning on sapphire substrate based on 3D finite-difference time-domain (FDTD)
method. The patterning of sapphire substrate on the bottom-side (the epitaxial growth side) has
been commonly used in experimental work to minimize dislocation density [20], [32] but very
limited work has been devoted to investigate the effect of PSS on the nexiracion, particularly the
top-side and double-sided patterning on the sapphire substrate. Therefore, in particular, we study
the polarization dependence nexiraction 0f 230 nm (typically TM-dominant emission peak [9], [34]) and
280 nm (typically TE-dominant emission peak [9]) AlGaN-based flip-chip UV LEDs with microdome-
shaped array patterning on bottom-side, top-side and double-sided of sapphire substrates arranged
in hexagonal pattern.

2. 3D FDTD Simulation Method

In this study, the nexiraction for AlGaN-based multiple QW (MQW) flip-chip UV LEDs emit at 230 nm
and 280 nm with microdome-shaped array patterning on sapphire substrate have been investigated
using 3D FDTD method [37], which is commonly used in analyzing the optical properties of IlI-
nitride emitters [30], [31], [33]-{36], [38]. The layer structure of the UV LEDs used in the simulations
are illustrated in Fig. 1 which consist of 500 nm thick sapphire substrate, 200 nm AIN buffer layer,
100 nm n-AlGaN layer, 50 nm thick AlGaN layer to represent the MQW active region, 15 nm p-AlGaN
electron blocking layer (EBL), 10 nm p-AlGaN layer and 20 nm p-GaN contact layer. A metallic layer
that acts as a perfect mirror is attached to the bottom of the LED to reflect all photons incident upon
it. Fig. 1(a) shows the UV LED with microdome-shaped array patterning on the bottom surface of
sapphire substrate, Fig. 1(b) shows the UV LED with microdome-shaped array patterning on the
top surface of sapphire substrate, and Fig. 1(c) shows the UV LED with microdome-shaped array
patterning on both sides of sapphire substrate. The microdome patterning with diameter, D, height,
H, and spacing, S, are arranged in hexagonal pattern on sapphire substrate, as depicted in Fig. 1(d).
Since this work focuses on comparing the naraction for UV LEDs with various position of microdome-
shaped array on sapphire substrate, only D is set as variable in the study while Hand S are fixed at
50 nm and 100 nm respectively. The values for H and S are determined from our internal compre-
hensive analysis where the TM-polarized nexiraciion drops substantially to < 10% when S > 100 nm
while larger H will result in significantly improved #nexiraciion. HOWever, considering the practicality
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Fig. 1. Schematic side view of AlGaN-based flip-chip UV LED with microdome-shaped array patterning
on (a) bottom-side, (b) top-side and (c) double-sided of sapphire substrate. The diameter, spacing
and height of the microdomes are labeled as D, S, and H respectively. (d) Top view showing the
microdome-shaped array on sapphire substrate arranged in hexagonal pattern.

and complexity in forming taller microdomes on sapphire substrate during the fabrication process,
H = 50nm is chosen in this study.

The refractive indexes and absorption coefficients for AIN, GaN and sapphire are taken from [30],
[39], [40]. Linear extrapolation between AIN and GaN is used in calculating the refractive indexes
and absorption coefficients for ternary AlGaN layers where the Al-content for the corresponding
emission wavelength are determined from [41]. To be more specific, the Al composition for 230 nm
emission wavelength is deduced as 98% for p-AlGaN EBL, 77% for AIGaN MQW, and 86% for both
the n- and p-AlGaN, while for 280 nm emission wavelength is deduced as 93% for p-AlGaN EBL,
42% for AlGaN MQW, and 64% for both the n- and p-AlGaN. As 3D FDTD simulation consumes a
large amount of memory and computation time, the simulation domain is setto 5 um x 5 um in
the lateral direction in order to ensure computation efficiency. Non-uniform grid size of 10 nm in the
bulk and 5 nm near the edges is used in the simulation. Perfectly matched layer boundary condition
is applied to the lateral and top boundaries while perfect electric conductor boundary condition is
applied to the bottom boundary. A single dipole source is placed at the center of the AlIGaN MQW
active region where TE-polarization is defined as the major electric field travels in the in-plane
direction (parallel to the x and y directions labeled in Fig. 1) while TM-polarization is represented
by the major electric field travels in the out-of-plane direction (parallel to the z direction labeled in
Fig. 1). Single dipole source is used in this work as the use of multiple dipole sources will result in
non-physical interference pattern [42], which is undesirable for analysis of the optical properties of
LEDs. A source power monitor surrounding the dipole source is used to measure the total power
generated in the active region while one output power monitor is placed at distance A away from
the sapphire top surface to measure the light output power radiated out of the LED structure. The
Nexiraction 1S Calculated as ratio of the light output power measured by the output power monitor to
the total power dissipated by the dipole source in the active region [30], [38].

3. Results and Discussion

3.1 Flip-Chip UV LEDs With Flat Sapphire Substrate

The flip-chip UV LED with flat sapphire substrate has first been investigated as a reference in this
work. For 280 nm UV LED, the calculated TM- and TE-polarized nexiraction is ~0.74% and ~13%
respectively. As spontaneous emission from 280 nm AlGaN QW is largely TE-polarized [34], high
neqE is expected from the 280 nm flip-chip UV LEDs with flat sapphire substrate. Thus, the study on
the effect of PSS to the polarization-dependent nexiraction for 280 nm flip-chip UV LEDs is essential
to further enhance the neqe and for realizing high efficiency mid-UV LEDs.

On the other hand, for 230 nm UV LED, the calculated TM-polarized nexiraction is ~0.13% while the
calculated TE-polarized #nexiraction is ~13%. Although significantly larger TE-polarized nexiraction €an
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Fig. 2. The Neyiraction for AlGaN-based flip-chip UV LEDs with bottom side PSS at (a) A = 230 nm and (b)
A = 280nm as a function of D. The nextraction for UV LEDs with flat sapphire substrate are represented
by the black dashed lines. Ratio of the 7extraction for UV LEDs with bottom-side PSS (#extraction_dome) 10
the fexiraction for flip-chip UV LEDs with flat sapphire substrate (fewiraction_fiat) for (¢) A = 230nm and (d)
A = 280nm as a function of D.

be obtained from planar UV LED with flat sapphire substrate, the TM-polarized output at 230 nm is
~20-times higher than the TE-polarized output [34]. As TM-polarized light is primarily propagates
in the lateral direction, very limited amount of photons can be extracted from the top and bottom
sides of the device, which results in extremely low TM-polarized nexiraction. COnsequently, it is very
challenging to achieve high ngqe for conventional planar structure 230 nm UV LEDs. Therefore, it is
strongly motivated to investigate the polarization-dependent nexiraction 0f 230 nm flip-chip UV LEDs
with PSS in order to further improve the TM-polarized nexiraction-

3.2 Flip-Chip UV LEDs With Microdome-Shaped Patterning on Bottom Side of
Sapphire Substrate

The fexiraction for flip-chip UV LEDs with microdome-shaped array on the bottom surface of sapphire
substrate is plotted in Fig. 2 as a function of D. Figs. 2(a) and 2(b) present the nexiraction Of flip-chip UV
LEDs with microdome-shaped patterning on bottom surface of sapphire substrate for 230 nm and
280 nm respectively. The nexiraciion for conventional flip-chip UV LEDs with flat sapphire substrate is
also plotted for comparison purpose. As illustrated in Figs. 2(a) and 2(b), the TE-polarized nexiraction
for both 230 nm and 280 nm are consistently higher than TM-polarized neraction (=1 order of
magnitude) when D changes from 100 nm to 300 nm. For instance, the ratios between TE and
TM polarizations are observed as ~40-times and ~13-times for 230 nm and 280 nm UV LEDs
respectively when D = 100nm, and ~20-times and 8-times for 230 nm and 280 nm UV LEDs
respectively when D = 160 nm. Since TM-polarized light tends to emit at large angles with respect
to c-axis (parallel to the zdirection labeled in Fig. 1) while planar LED structure favors light extraction
along c-axis, majority of the TM-polarized output is trapped inside the LED structure which results in
lower TM-polarized nexiraction @s compared to TE-polarized nexiraction for both emission wavelengths.
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Fig. 3. TM-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip
UV LEDs with flat sapphire substrate [(a) & (d)], bottom-side PSS with D = 180nm [(b) & (e)] and
bottom-side PSS with D = 280nm [(c) & (f)].

Despite lower TM-polarized nexiraction than TE-polarized nexiraciion is Observed, the TM-polarized
Textraction for both 230 nm and 280 nm UV LEDs with bottom-side PSS demonstrate strong depen-
dence on the microdome diameter as D changes from 100 nm to 300 nm. The use of PSS could
act as extractor or reflector, depending on the ratio of light being scattered out of the structure to
light being scattered back into the structure. When the fraction of light being scattered out of the
structure is larger than the fraction of light being scattered back into the structure, the PSS serves
as an extractor which could lead to enhanced nayiraciion. Otherwise, the PSS will serve as a reflector
that inhibit light extraction through the sapphire substrate. From the results presented in Fig. 2, the
microdome-shaped array on the bottom side of sapphire substrate with D < 280 nm acting more like
an extractor for TM-polarized photons but as a reflector for TE-polarized photons. This is evidenced
in the cross-sectional near-field electric field intensity plots shown in Figs. S1(b), S1(c), S1(i) & S1(j)
for TM-polarization and Figs. S2(b), S2(c), S2(i) & S2(j) for TE-polarization in the supplementary
information. As shown in Figs. 2(c) and 2(d), up to ~4.5-times and ~2.2-times enhancement in
TM-polarized nexiraciion can be obtained for 230 nm and 280 nm UV LEDs with bottom-side PSS
respectively whereas lower TE-polarized nexiraction for UV LEDs with bottom-side PSS than with flat
sapphire substrate are observed for both 230 nm and 280 nm when D changes from 100 nm to
300 nm. Specifically, for TM-polarization, the peak nexiraciion €nhancement is observed when D is
~70-80 nm below the emission wavelength for UV LEDs with bottom-side PSS.

As described previously, the use of PSS enhances the scattering of photons which results in
modified light radiation pattern and the ngyaction- FOr conventional UV LEDs with flat sapphire
substrate, both the 230 nm and 280 nm devices exhibit symmetric donut-shaped radiation patterns
with peak intensity at ~30° with respect to c-axis [Figs. 3(a) and 3(d)]. Lower intensity is observed for
230 nm UV LED as compared to 280 nm UV LED due to the larger refractive index contrast between
the AlGaN/GaN layers, sapphire and air medium for 230 nm. For both emission wavelengths, when
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Fig. 4. TE-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip
UV LEDs with flat sapphire substrate [(a) & (d)], bottom-side PSS with D = 180nm [(b) & (e)] and
bottom-side PSS with D = 280nm [(c) & (f)].

D = 180 nm, UV LEDs with bottom-side PSS show higher radiation intensity over large angle range
(~25° to ~40° for 230 nm and ~10° to ~40° for 280 nm) [Figs. 3(b) and 3(e)]. In addition, overall
higher radiation intensity is also observed attributed to the curvature surfaces of the microdomes
that result in larger photon escape cone as compared to conventional UV LEDs. This spread-out
distribution of high intensity radiation pattern for the investigated UV LEDs with bottom-side PSS
has contributed to the larger TM-polarized nexiraction (~4.2-times and 1.8-times for 230 nm and
280 nm respectively) than the conventional UV LEDs with flat sapphire substrate.

For the case of D = 280 nm, the bottom-side PSS is suppressing the extraction of 230 nm TM-
polarized photons [Fig. 3(c)], which results in lower neyiraction (~0.8-times) than the UV LEDs with flat
sapphire substrate. However, substantial improvement in the TM-polarized nexiraction (~1.4-times) for
280 nm UV LEDs can still be obtained attributed to the high radiation intensity at angles between
20° and 40° [Fig. 3(f)]. These results suggest that the optimum microdome design on the bottom
side of sapphire substrate is smaller D than the UV LED emission wavelength, preferably ~70—
80 nm below the emission wavelength. Microdomes with large D should be avoided to prevent the
bottom-side microdome-shaped PSS to act as reflector that limit the extraction of TM-polarized light
through the sapphire substrate, as evidenced by the cases of D > 260 nm for 230 nm UV LEDs.

As opposed to TM-polarization, the bottom-side PSS acts as reflector that inhibit TE-polarized
light extraction through the sapphire substrate. As illustrated in Fig. 4, significantly lower radiation
intensity for both 230 nm and 280 nm UV LEDs with bottom-side microdome-shaped PSS is
observed as compared to UV LEDs with flat sapphire substrate. For UV LEDs with flat sapphire
substrate [Figs. 4(a) and 4(d)], the TE-polarized light intensity is primarily concentrated at the center
region. Despite the use of bottom-side PSS could redirect the light radiation pattern [Figs. 4(b)—4(c)
and 4(e)—4(f)], it scatters more TE-polarized photons back into the LED structure than exiracting
them out through the sapphire substrate. To be more specific, as D increases from 180 nm to
280 nm, the TE-polarized nexiraction drops from ~0.9-times and ~0.8-times for 230 nm and 280 nm
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Fig. 5. The neyraction for AlGaN-based flip-chip UV LEDs with top side PSS at (a) A = 230nm and (b)
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as a function of D.

UV LEDs respectively to ~0.8-times and ~0.7-times for 230 nm and 280 nm UV LEDs respectively.
This degraded TE-polarized nexiraction IS also supported by the lower radiation intensity distributions
observed in Figs. 4(b)-4(c) and 4(e)—4(f).

3.3 Flip-Chip UV LEDs With Microdome-Shaped Patterning on Top Surface of Sapphire
Substrate

The enhancement of fexiraciion for flip-chip UV LEDs with top-side microdome-shaped PSS has been
investigated here to understand the influence of microdome patterning to the mid- and deep-UV
LED #exiraction- From the resulis presented in Fig. 5, TE-polarized neyiraciion are consistently higher
than TM-polarized neraction (=1 order of magnitude) for both 230 nm and 280 nm UV LEDs with
top-side PSS. Nevertheless, significant enhancement in TM-polarized neyiraction (Up t0 ~6.3-times
and ~1.8-times for 230 nm and 280 nm UV LEDs respectively) is observed as compared to TE-
polarized nexiraction (<5% enhancement for both 230 nm and 280 nm UV LEDs). As previously stated,
TM-polarized light primarily travels at large angles with respect to c-axis while TE-polarized light
mostly travels along c-axis, the curvature surface of the microdomes on sapphire substrate have
more effects on extracting TM-polarized photons out of the LED structure than the TE-polarized
photons. Comparable to the UV LEDs with bottom-side PSS, the UV LEDs with top-side PSS
demonstrate strong dependence on D for TM-polarized nexiraction PUt has negligible effect on TE-
polarized ngyiraction- Again, this is attributed to the function of the PSS that acts as an extractor
for TM-polarized output and as a reflector for TE-polarized output (more details in the supporting
information). As presented in Figs. 5(c) and 5(d), ~2.5-times to ~6.3-times and ~1.1-times to ~1.8-
times enhancement in TM-polarized ngxiraction for 230 nm and 280 nm UV LEDs with top-side PSS
respectively can be obtained for D ranges between 100 nm and 300 nm. Conversely, the ratio of
TE-polarized nexiraciion for UV LEDs with top-side PSS to UV LEDs with flat sapphire substrate drops
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Fig. 6. TM-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip UV
LEDs with flat sapphire substrate [(a) & (d)], top-side PSS with D = 180 nm [(b) & (e)] and top-side
PSS with D = 280 nm [(c) & (f)].

from ~1.04-times to ~0.95-times for 230 nm and ~1.01-times to ~0.85-times for 280 nm when D
changes from 100 nm to 300 nm.

Similar with the case of bottom-side PSS, the microdome-shaped array patterning on the top-side
of sapphire substrate also acts as a strong photons scattering center, which will impact the light
extraction for the LED devices. From the far-field radiation patterns shown in Fig. 6, significantly
higher radiant intensity can be observed for both 230 nm and 280 nm UV LEDs with top-side PSS at
angle between ~10° and ~50° while the conventional UV LEDs with flat sapphire substrate exhibit
symmetric donut-shaped radiation patterns with peak intensity at ~30°. This is primarily attributed
to the curvature surfaces of the microdomes that result in larger photon escape cone than the
conventional UV LEDs. Consequently, this spread-out distribution of high intensity radiation pattern
leads to higher TM-polarized neyraction (Up to ~6.3-times and 1.8-times for 230 nm and 280 nm
respectively) as compared to the conventional UV LEDs with flat sapphire substrate.

For TE-polarization, employing the top-side PSS for both the 230 nm and 280 nm UV LEDs
has very similar effect as those with bottom-side PSS. From the far-field radiation plots presented
in Fig. 7, it is obvious that the top-side PSS for both the 230 nm and 280 nm UV LEDs are not
a good extractor to enable TE-polarized photons to escape out of the LED structure through the
sapphire substrate. Even though the top-side PSS acts as a strong scattering center and resulis in
altered radiation patterns as compared to conventional UV LEDs with flat sapphire substrate, the
fraction of TE-polarized photons that could be escaped out of the structure is not high enough to
compensate for the fraction of photons being reflected back into the structure. In addition, despite
higher radiation intensity can be observed at some regions of the far-field radiation plots presented
in Fig. 7, particularly when D = 280 nm for 230 nm UV LEDs [Fig. 7(c)], majority of the area still
observed extremely low radiation intensity (dark blue and purple region). Consequently, lower TE-
polarized neyiraction for the UV LEDs with top-side PSS as compared to UV LEDs with flat sapphire
substrate has been resulted.
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Fig. 7. TE-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip UV
LEDs with flat sapphire substrate [(a) & (d)], top-side PSS with D = 180nm [(b) & (e)] and top-side
PSS with D = 280 nm [(c) & (f)].
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3.4 Flip-Chip UV LEDs With Microdome-Shaped Patterning on Both Sides of Sapphire
Substrate

The resulis for both 230 nm and 280 nm flip-chip UV LEDs with single-sided (bottom-side or top-side)
microdome-shaped PSS in previous sub-sections have demonstrated significant enhancement for
TM-polarized naytraction PUt degraded TE-polarized naytraction When D changes from 100 nm to 300 nm.
Here, we examine the effect of combining the bottom-side and top-side patterning on the TE- and
TM-polarized nexiraction for both 230 nm and 280 nm flip-chip UV LEDs. The enhancement ratio for
the UV LEDs with double-sided patterning normalized to conventional UV LEDs with flat sapphire
substrate are presented in Fig. 8(a) for A = 230 nm and Fig. 8(b) for A = 280 nm. The nexiraction ratio
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Fig. 9. TM-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip
UV LEDs with flat sapphire substrate [(a) & (d)], double-sided PSS with D = 180nm [(b) & (e)] and
double-sided PSS with D = 280 nm [(c) & (f)].

for UV LEDs with top-side and bottom-side PSS represented by dotted lines and dashed lines
respectively are also plotted in Fig. 8 for comparison.

From the results presented in Fig. 8, the use of double-sided PSS will result in even higher TM-
polarized nexiraction than the single-sided PSS where up to ~11.2-times and ~2.6-times enhancement
can be obtained for 230 nm and 280 nm UV LEDs respectively as compared to UV LEDs with
flat sapphire substrate. These substantial improvements for TM-polarized nexiraction bY employing
double-sided PSS are attributed to the strong light scattering effects coming from both the top-
side and bottom-side patterning, which is evidenced in the cross-sectional near-field electric field
intensity plots presented in Figs. S1 & S2 in the supplementary information. In particular, the TM-
polarized nexiraciion for the double-sided PSS are very similar to as taking the superposition of the
TM-polarized neyraction for the bottom-side and top-side patterning. Nevertheless, the enhancement
ratio is not exactly the same as by adding the TM-polarized nexiraciion from the bottom-side and top-
side patterning due to the destructive interference. For 230 nm UV LEDs with double-sided PSS, the
peak TM-polarized nexiraction €nhancement occurs at D = 160 nm, which is the same as those with
bottom-side or top-side PSS [Fig. 8(a)]. However, for the case of 280 nm UV LEDs, as the peak TM-
polarized nexiraciion €Nhancement for bottom-side and top-side PSS occurs at different D (200 nm for
bottom-side PSS and 160 nm for top-side PSS), a broad TM-polarized nexiraciion €nhancement ratio
peak for double-sided PSS has been observed [Fig. 8(b)]. Specifically, the TM-polarized nexiraction
enhancement ratio for 280 nm UV LEDs with double-sided PSS are approximately ~2.6-times for
D ranges between 160 nm and 200 nm.

In order to prove that the significantly enhanced TM-polarized neyraction for the UV LEDs with
double-sided PSS are resulted from the superposition of the bottom-side and top-side patterning,
the TM-polarized far-field radiation patterns for UV LEDs with double-sided PSS have been plotted
in Fig. 9. Figs. 9(a)-9(c) are the TM-polarized far-field radiation patterns for 230 nm UV LEDs
and Figs. 9(d)—(f) show the far-field emission patterns for 280 nm UV LEDs. By comparing the



IEEE Photonics Journal Light Extraction Efficiency Analysis of Flip-Chip UV LEDs

(0/90)sin(d)

5.=23 h=23

i 0.5 0 0.5 14 0.5 0 0.5 45 "o

(0/90)cos(d) (0/90)cos(4) (6/90)cos(d)
(a) (b) (4]

(0/90)sin()

(0/90)cos(d) (0/90)cos(d) (0/90)cos(d)
(d) (e) (n

Fig. 10. TE-polarization far-field radiation patterns of 230 nm [(a)—(c)] and 280 nm [(d)—(f)] flip-chip
UV LEDs with flat sapphire substrate [(a) & (d)], double-sided PSS with D = 180nm [(b) & (e)] and
double-sided PSS with D = 280nm [(c) & (f)].

TM-polarized far-field radiation plots for the UV LEDs with double-sided PSS [Fig. 9] to those with
bottom-side PSS [Fig. 3] and top-side PSS [Fig. 6], it is obvious that the radiation patterns for
double-sided patterning are basically the combination of the far-field radiation patterns from the
top-side and bottom-side patterning. As an example, for the case of D = 180 nm for 230 nm UV
LEDs, the UV LED with bottom-side PSS has emission patterns at angle ranges from ~25° to ~40°
[Fig. 3(b)] while the UV LED with top-side PSS has emission patterns at angle ranges from ~10°
to ~50° [Fig. 6(b)]. From Fig. 9(b), it is obvious that the 230 nm UV LEDs with double-sided PSS
has very similar emission patterns as those with bottom-side patterning and top-side patterning at
angles between ~10° to ~50°. In particular, large radiation intensity can be observed at angles
between ~25° and ~40°.

On the contrary, the use of double-sided PSS for both 230 nm and 280 nm flip-chip UV LEDs
does not lead to enhanced TE-polarized #exiraciion When D ranges between 100 nm and 300 nm
(blue solid lines in Fig. 8), which is similar to the phenomena observed for the case of flip-chip
UV LEDs with bottom-side PSS and top-side PSS (blue dashed lines and dotted lines in Fig. 8).
This has been expected as the single-sided PSS has been observed to primarily act as reflector
to prevent TE-polarized photons extraction through the sapphire substrate. As a result, smaller
TE-polarized nexiraction has been obtained as compared to UV LEDs with flat sapphire substrate. In
addition, the TE-polarized nexiraction for UV LEDs with double-sided PSS are primarily limited by the
bottom-side patterning as the bottom reflector only allow very minimum amount of TE-polarized
photons to pass through. As can been seen from the TE-polarized far-field radiation patterns plotted
in Fig. 10, the emission patterns for TE-polarized 230 nm and 280 nm UV LEDs with double-sided
PSS are primarily the combination radiation patterns of those with bottom-side patterning (Fig. 4)
and top-side patterning (Fig. 7). For instance, for the case of D = 280 nm for 280 nm UV LEDs, the
UV LEDs with bottom-side PSS exhibit circular-shaped far-field emission pattern [Fig. 4(f)] while
the UV LEDs with top-side PSS has a star-shaped like far-field emission pattern [Fig. 7(f)].
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4. Conclusion

The TE- and TM-polarized nexiraction for 230 nm and 280 nm flip-chip UV LEDs with microdome-
shaped array patterning on sapphire substrate have been investigated. In particular, the TE- and
TM-polarized nexiraction for UV LEDs with bottom-side patterning, top-side patterning, and double-
sided patterning have been studied and compared. Our analysis shows that the microdome-shaped
PSS with H =50nm, S = 100nm,andD = 100-300 nm are particularly efficient in enhancing TM-
polarized neytraction Where up to ~4.5-times and ~2.2-times can be obtained for 230 nm and 280 nm
flip-chip UV LEDs with bottom-side PSS respectively, and ~6.3-times and ~1.8-times for 230 nm
and 280 nm flip-chip UV LEDs with top-side PSS respectively. The significant improvement ob-
tained in the TM-polarized nexiraciion is attributed to the enhanced scattering effect introduced by
the microdome-shaped array that enable the TM-polarized photons to escape out of the structure.
As a result, the use of double-sided PSS could result in even higher TM-polarized nexiraction Where
up to ~11.2-times and ~2.6-times improvement can be achieved for 230 nm and 280 nm flip-chip
UV LEDs respectively. For both emission wavelengths, the peak TM-polarized nexiraciion iS 0bserved
when D is ~70—-100 nm below the emission wavelength. Accordingly, higher ngqe from UV LEDs
employing PSS is expected as a result of dominant TM-polarized spontaneous emission and larger
TM-polarized nayiraction- ON the contrary, the use of single-sided PSS does not lead to enhanced
TE-polarized nextraciion for both the 230 nm and 280 nm flip-chip UV LEDs. The PSS is actually acting
as a reflector that reflect majority of the TE-polarized light back into the structure. Consequently,
lower TE-polarized nexiraciion for flip-chip UV LEDs with single-sided PSS as compared to flip-chip
UV LEDs with flat sapphire substrate are resulted. It is expected that this study will shed light on
the design of flip-chip UV LEDs with microstructure PSS for both mid- and deep-UV regimes to
achieve high-efficiency AlGaN-based UV LEDs.
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