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The finite-difference time-domain method was employed to calculate light extraction efficiency of thin-film
flip-chip InGaN/GaN quantum well light-emitting diodes (LEDs) with TiO, microsphere arrays. The extraction
efficiency for LEDs with microsphere arrays was investigated by focusing on the effect of the packing density,
packing configuration, and diameter-to-period ratio. The comparison studies revealed the importance of having a
hexagonal and close-packed monolayer microsphere array configuration for achieving optimum extraction effi-
ciency, which translated into a 3.6-fold enhancement in light extraction compared to that for a planar LED. This
improvement is attributed to the reduced Fresnel reflection and enlarged light escape cone. The engineering of
the far-field radiation patterns was also demonstrated by tuning the packing density and packing configuration of

the microsphere arrays. © 2015 Chinese Laser Press
(230.0230) Optical devices; (250.0250) Optoelectronics.
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1. INTRODUCTION

Significant advances have been achieved in the field of
[[I-nitride semiconductor materials and devices. The applica-
tions of these Ill-nitride technologies have impacted solid-
state lighting [1-6], thermoelectricity [7,8], lasers [9,10], and
solar energy conversion [11]. The application of Il-nitride-
based light-emitting diodes (LEDs) has been implemented for
solid-state lighting, specifically as blue emitters in white
LED configurations. The key advances in III-nitride LEDs have
also been recognized for the 2014 Nobel Prize in physics
[12]. The advances in the fields of nitride-based LEDs were
driven strongly by innovations in material epitaxy [13] and
nanostructure active region engineering [14-17] for improved
internal quantum efficiency, solutions for addressing the
efficiency-droop issue [18-21], and approaches to achieving
improved extraction [22-25] in LEDs. The optimizations of
both internal and extraction efficiencies in LEDs are instru-
mental in achieving optimized external quantum efficiency
for LED emitters.

Approaches that address the light extraction limitation in
a cost-effective and scalable manner are instrumental for
addressing the extraction limitation in LEDs for wide imple-
mentation. The flip-chip technology was developed to
avoid the absorption of semitransparent metal of conventional
top emitting devices, resulting in a 1.6-fold improvement
over that of the conventional top-emitting LED [22]. Other
methods such as surface roughening [26], embedded photonic
crystals [27-29)], self-assembled lithography p-GaN patterning
[30], GaN microdomes [31,32], TiO, micropillars [33],
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nanopyramids [34], and shape design [35] were employed
to improve light extraction efficiency as well. Sapphire micro-
lenses [36,37], oblique mesa sidewalls [38], nanowires [39],
and the graded refractive index [40] were also employed to
enhance the extraction efficiency. To further enhance the
light extraction efficiency, a thin-film flip-chip (TFFC) LED
structure can provide surface brightness and flux output ad-
vantages over conventional flip-chip LEDs [23,24], and this
technology is widely used in industry today. Approaches to
improve the extraction efficiency in TFFC LEDs have been
pursued by using surface roughening and photonic crystal.
Though the surface roughening approach results in a 2- to
3-fold enhancement in light extraction efficiency, the photo-
chemical etching process led to a nonuniform surface and pro-
vided no control over the far-field radiation pattern of the
extracted light. The electrical properties of LEDs could also
be degraded via the use of photochemical etching [41-43].
The photonic crystal method results in state-of-the-art results
for TFFC LEDs, with a 2.3-fold enhancement in light extrac-
tion efficiency [44]; however, this approach requires a rela-
tively expensive e-beam lithography fabrication step.
Recently, we have demonstrated the use of colloidal-based
microsphere and microlens arrays deposited via a scalable
rapid convective deposition (RCD) process, resulting in
improved light extraction efficiency for GaN-based LEDs
[45-52] with a cost-effective approach. By using a binary dep-
osition and heat treatment process, SiO, /polystyrene micro-
lens arrays can be formed [48]. The use of these colloidal
microsphere/microlens arrays has also been implemented in
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organic LEDs, resulting in a 3-fold enhancement in power con-
version efficiency [48].

In this work, we present an investigation on the effect of
packing configuration and packing density of microsphere
arrays on top of GaN-based TFFC LEDs. By optimizing the
deposition parameter in the RCD process, the ability to tune
the packing density (submonolayer, monolayer, or multilayer)
and packing configuration (square or hexagonal lattice) of the
microsphere arrays can be achieved on top of the GaN sur-
face, which was shown in our prior work [47]. The present
study focuses on identification of the optimum configuration
and density required to achieve optimized extraction in LED
devices. Our analysis was carried out by using numerical
simulation based on the finite-difference time-domain (FDTD)
method for analyzing the light extraction efficiency of
[I-nitride TFFC LEDs employing refractive-index-matched
anatase TiOy microsphere arrays with various packing density
and packing geometries. The selection of SiO, for the micro-
spheres in our previous works [45-48] had been primarily
motivated from the ease in obtaining the silica-based spheres
with a wide range of dimensions commercially. Recently, our
FDTD calculation showed that the best material for the micro-
sphere arrays for GaN LED applications is refractive-index-
matched anatase TiO, microsphere arrays [51], which have
also recently been implemented experimentally [52].

2. FDTD ANALYSIS OF LIGHT
EXTRACTION EFFICIENCY

In this study, we employed the microsphere arrays on top of a
TFFC GaN LED device structure, as shown in Fig. 1. Note that
the goals of the present study will be limited to determining
the optimum packing density and packing configuration, as
well as the corresponding far-field radiation patterns for the
LEDs employing microsphere arrays. The optimization of the
extraction efficiency will require the optimization of the res-
onant condition in TFFC thickness [40]. In this structure, the
InGaN/GaN quantum well (QW) was sandwiched between
p-GaN and n-GaN. The thickness of the TFFC studied follows
the structure presented in Ref. [53]. A metallic mirror was at-
tached to the bottom of the p-GaN to reflect the light back to
the LED device, and finally the light was extracted from the
top of the LED devices. Microsphere arrays with various ratios
of diameter to lattice period (B;/,) and packing shape were
deposited on top of the LEDs; they were obtained by tuning
the deposition speed [456—47]. Our prior works had demon-
strated that the deposition of micro/nanosphere arrays with
diameters ranging from 100 nm up to 1 pm performed consis-
tently on the devices [45-50,52]. The use of a 500 nm diameter
sphere was based on practical consideration of the ease of
sphere synthesis and the highly uniform deposition of these
microsphere arrays on LEDs [51]. Our prior works have also
shown that the 500 nm microsphere diameter falls within the
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Fig. 1. Cross sectional schematic of the simulated LED device struc-
ture employing microsphere arrays.
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optimum diameter range for achieving maximum light extrac-
tion efficiency for ~450-500 nm emitting IlI-nitride LEDs [52].

In our simulation, the 3D LED devices were formed with
appropriate boundary conditions. The real LED device is
~300 mm x 300 mm in the lateral direction. The 3D FDTD
method requires a large amount of memory and computing
time. For the purpose of computational efficiency, in this
calculation, we set the simulation domain to be 8 pm x 8 pm
with perfectly matched layer boundary conditions applied to
the lateral boundaries to avoid unnecessary reflection of light
at the boundaries, and the perfect electrical conductor (PEC)
boundary conditions were implemented to the bottom of the
LED to represent the metallic mirror. The grid size was set to
be 10 nm to ensure the accuracy of the results. The time step
was determined by the grid size and Courant condition. The
simulation time was set to be large enough to ensure stabilized
field output.

Seven dipoles were chosen as the light source within the QW
region and positioned in the center region of the QW within one
period of the spheres. The emission wavelength used in this
calculation was set to 4 = 500 nm. Note that our work focuses
on clarifying the optimum packing density and packing configu-
ration of the microsphere arrays for light extraction efficiency
in visible Hl-nitride LEDs, and the choice of the wavelength
will not affect the conclusion derived from this study.

In our computation, two monitors were used to measure
the power radiating from the dipoles and the power extracted
out of the microsphere arrays, respectively. A hidden monitor
surrounding the dipole was used to measure the power radi-
ating from the dipole. Another monitor was placed 300 nm
above the LED device and one grid point below the Z domain
maximum to measure the extracted power.

The far-field electric field [E(7, 6, ¢)] was obtained from the
near-field electric field [E(x, ¥, Zmonitor)] by Fourier transfor-
mation. The plane wave relation was used to calculate the
magnetic field in the far-field region. The total output power
extracted from the LED device (S.4,) was obtained by inte-
grating the power density in the far-field region over the whole
solid angle. Last, the light extraction efficiency was calculated
as the ratio of the optical output power extracted from the
LED device to the total power generated in the InGaN/GaN
multiple quantum wells (MQWSs) active region.

3. RCD OF MICROSPHERE ARRAYS WITH
VARYING PACKING DENSITY AND
GEOMETRY

The fabrication of microsphere arrays on top of LEDs can be
performed by the rapid RCD method. RCD enables controlled
deposition for self-assembled microsphere arrays with submo-
nolayer, monolayer, and multilayer packing densities via a
roll-to-roll printing method. RCD is a self-assembly process
for depositing the negatively charged particles under the capil-
lary force, and the deposition velocity (v,;) will dictate the
packing densities and configurations of the microsphere ar-
rays, which have been articulated in our prior works
[47,564]. The critical deposition velocity (v.) for achieving
monolayer packing density was shown in our earlier work
[47,54] as identical to the film growth rate, as follows:
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where K depends on the evaporation rate that is determined
by the temperature and humidity, which should remain con-
stant. i denotes the height of the thin film, which is equal to
the diameter of the microsphere for the monolayer, and the
parameter € represents the porosity of the colloidal crystal.
In other words, 1 - ¢ is the packing fraction of the colloidal
crystal, which is 0.605 for hexagonal close-packed sphere
arrays and 0.52 for square close-packed spheres arrays. The
parameter ¢ signifies the constant volume fraction of the
microsphere suspension. Note that the monolayer is obtained
when the substrate withdrawal speed is equal to the film
growth rate, and the submonolayer is obtained when the sub-
strate withdrawal speed is higher than the film growth rate.
Otherwise, the multilayer is obtained when the substrate
withdrawal speed is lower than the crystal growth rate.
By varying the deposition speed (v;), microsphere arrays
with different packing densities and packing geometries—
hexagonal close-packed monolayer [Fig. 2(a)], square close-
packed monolayer [Fig. 2(b)], submonolayer [Fig. 2(c)], and
multilayer [Fig. 2(d)]—can be obtained [47]. The studies on
the effect of the packing density will be carried out in
Section 4, and the comparison of the light extraction efficien-
cies in LEDs with different packing geometries (hexagonal
versus square lattice) will be presented in Section 5.

4. EFFECT OF PACKING DENSITY ON THE
LIGHT EXTRACTION EFFICIENCY OF
MICROSPHERE ARRAY LEDS

In order to investigate the effect of the packing density of the
microsphere arrays on the light extraction efficiency of the
LED, we calculated the light extraction efficiency of LEDs
deposited with submonolayer, monolayer, and multilayer
microsphere (n = 2.4) arrays with a hexagonal packing geom-
etry. Figures 3(a)-3(c) show the light extraction efficiency
enhancement of microsphere array LEDs with various R/,
values. Here, R;, is defined as the ratio of the diameter to
the lattice period. Note that the hexagonal close-packed
monolayer microsphere array has an R;,, of 1. Otherwise,
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Fig. 2. Schematic of the microsphere LEDs (a) with hexagonal
close-packed sphere array, (b) with square close-packed sphere
array, (c¢) with submonolayer sphere array, and (d) with multilayer
microsphere arrays.
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Fig. 3. (a) Ratio of light extraction efficiency of microsphere LEDs

with various sphere packing densities to that of the planar LED,

(b) comparison of far-field intensity of microsphere LEDs with various

packing densities at ¢ = 0, (c) angle-dependent power distribution.

the microsphere array becomes submonolayer when R, is
smaller than 1, and it becomes multilayer when the R/, is
larger than 1. The light extraction efficiency of GaN LEDs with
microsphere arrays and a flat planar LED were calculated for
microsphere arrays with various R, values. The ratios of the
light extraction efficiencies of the LEDs with microsphere
arrays to that of the planar LED are shown in Fig. 3(a). The
far-field radiation patterns of these LEDs for an azimuthal
direction of ¢ = 0 were plotted in Fig. 3(b), and the corre-
sponding angle-dependent (in the @ direction) power density
comparison data for microsphere LEDs were shown in Fig. 3(c).

As the Ry, increases from the submonolayer condition
(Rg/p ~0.4) to a close-packed configuration (R, = 1), the
light extraction efficiency increases, resulting in an ~3.66-fold
enhancement for the case of monolayer array structures.
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As the Ry, is larger than for the monolayer condition, the
enhancement observed started to decrease for the multilayer
structures. This finding is important in confirming the
significance of close-packed monolayer array structures.
Previously, there was no clear quantitative work that demon-
strated the importance and value of justifying the approaches
that achieve monolayer close-packed microsphere arrays.
However this finding clearly shows that the monolayer and
close-packed configuration is essential for achieving optimum
light extraction. Any increase in multilayer packing density
was shown to reduce the extraction efficiency despite the
increase in scattering centers.

The comparison of the far-field radiation patterns for the
planar LED, LED with submonolayer sphere array, LED with
monolayer sphere array, and LED with multilayer sphere
array is presented in Fig. 4. The far-field radiation pattern
for the planar LED exhibits Lambertian radiation patterns
with only an angle-dependent and symmetrically azimuthal
distribution. The far-field intensity of the planar LED is much
weaker in all angular direction compared to those of the LEDs
with microsphere arrays due to the small light escape cone,
and only a small amount of light can be extracted from the
LED device. The inner and outer radiation rings are attributed
to the direct emission from the InGaN QWs and reflected
emission by the PEC reflectors, respectively. The LEDs with
microsphere arrays exhibit both angular and azimuthal
dependence, as shown in Figs. 4(b)-4(d). The significantly
higher intensities are observed in the far-field radiation pat-
terns of the microsphere array LEDs for both the normal
and large angular distribution, and in turn result in improved
light extraction efficiency for these LEDs. The far-field inten-
sity of LEDs with microsphere arrays exhibits hexagonal sym-
metry due to hexagonal packed nature of the sphere arrays.
However, the light distributions along the angular direction
and azimuthal direction for LEDs with submonolayer sphere
arrays, monolayer arrays, and multilayer arrays are very dif-
ferent. For the LED with a submonolayer microsphere array,
most of the light is extracted in the normal direction, while
only a small amount of light is extracted in the larger angular
direction. For the case of the LED with a monolayer sphere
array, the light is spread over a larger surface, and it can
be extracted in relatively larger angular range, which results
in improved light extraction efficiency. The same phenome-
non was observed for the LED with a multilayer sphere array,
but the light intensity is much lower than that of the LED
with a monolayer sphere array, which led to a relatively lower
light extraction ratio compared to the monolayer case. Note
that the comparison of light extraction efficiency between
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microsphere array LEDs and the planar LED was carried
out by taking the total output power integrated over the whole
solid angle.

In order to provide a quantitative comparison, the far-field
radiation patterns of these LEDs were plotted for a particular
azimuthal direction of ¢ = 0 [see Fig. 3(b)]. The comparison
of angle-dependent power density for the planar LED and
LEDs with microsphere arrays was also plotted. The micro-
sphere array LEDs exhibit a significant increase in the
intensity of the far-field radiation pattern for all angular
distributions, as shown in Fig. 3(c). Furthermore, the contri-
bution of a larger angular & component in the far-field radia-
tion pattern is significantly increased for the microsphere
LED with a hexagonal close-packed monolayer geometry
[Fig. 3(c)], which results in an increase of the total power
extracted from this microsphere array LED. Note that the en-
hancement of the TFFC LED with a monolayer microsphere
array is greater than that of conventional top-emitting LED
devices with monolayer microsphere arrays [51]. This is due
to the different boundary conditions we used for the calcula-
tion. In this calculation, the PEC boundary condition was used
to reflect the light back to the LED devices, and finally the
light has a better chance of being extracted with the help
of microsphere arrays.

5. EFFECT OF PACKING GEOMETRY ON
FAR-FIELD RADIATION PATTERNS OF
MICROSPHERE ARRAY LEDS

As presented in Section 4, the microsphere array with mono-
layer packing density has been demonstrated as the best
option for maximizing the light extraction efficiency of the
LED. In addition to the packing density, the packing geometry
of the microsphere arrays also plays an important role in
optimizing the light extraction efficiency and far-field radia-
tion patterns of the LEDs. Therefore, different types of pack-
ing geometries (hexagonal and square close-packed lattice)
of the monolayer microsphere array were investigated to
compare their corresponding far-field radiation patterns and
extraction characteristics. Note that the square or hexagonal
close-packed monolayer can be obtained by adjusting the
proper substrate deposition speed (v,) to be equal to the crys-
tal growth speed under the condition that the packing fraction
equals to 0.52, as elaborated previously [47].

Figures 5(a) and 5(b) show the farfield light radiation
patterns of the LEDs with hexagonal [Fig. 5(c)] and square
[Fig. 5(d)] close-packed monolayer microsphere arrays, re-
spectively. These two different packing geometries exhibit
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Fig. 4. Contour plots of far-field intensity of microsphere LED (b) with a submonolayer sphere array (dsphere /period = 0.5), (c) with a monolayer
sphere array (dgphere /period = 1), and (d) with a multilayer sphere array (dgynere/period = 2). The contour plot of the far-field radiation pattern of
(a) the planar LED is included for reference.
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tase-TiO, sphere array; (c) schematic of hexagonal close-packed
sphere array and (d) schematic of square close-packed sphere array.
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similar far-field radiation patterns, implying enhancement of
the light intensity in the normal direction and a larger angular
distribution compared to those of the planar LED. However,
the far-field radiation patterns of hexagonal and square close-
packed structures exhibit different symmetries. The far-field
radiation pattern presents a hexagonal pattern for the LED
with a hexagonal close-packed microsphere structure but a
square pattern for the LED with a square close-packed micro-
sphere array. The differences in symmetry are attributed to
the different microsphere arrangements, which have a signifi-
cant effect on the far-field radiation pattern due to the scatter-
ing effect of light.

In order to further investigate the effect of spheres on the
light distribution and light extraction efficiency, we also plot-
ted the far-field radiation patterns of LEDs with various num-
bers of spheres for both hexagonal packed arrays and square
packed arrays, as shown in Fig. 6. Note that all the spheres
were packed in the center region of the devices. The far-field
radiation pattern of the planar LED was also plotted for
comparison. The comparison study here is to provide an ob-
servation on how the far-field radiation patterns and light ex-
traction efficiencies in microsphere array LEDs are directly
affected by an increased escape cone, which can be shown
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by the significantly enhanced light intensity around the sphere
region as the number of spheres in the arrays increases.

Figure 6(a) shows that the far-field radiation pattern of the
planar LED has the perfect circular symmetry. However, as
shown in Fig. 6(a"), the light extraction efficiency is enhanced
at the center region when only one sphere is placed on top of
the center region of the device. For the LEDs with hexagonal
close-packed sphere arrays, the light intensity is significantly
enhanced around the sphere region, as shown in Figs. 6(b) to
6(d). Similar light intensity enhancement is also demonstrated
for the LEDs with square close-packed sphere arrays, as can
be seen in Figs. 6(b") to 6(d"). Note that the enhancement of
the LED always occurs in the region covered with the micro-
sphere array. This further proves that the microsphere arrays
not only reduce the Fresnel reflection but also scatter the light
in a larger angular direction to increase the light escape cone,
which results in enhanced light extraction efficiency of the
LED. The quantitative comparisons of the angle-dependent
(in the @ direction) power density comparison data for micro-
sphere LEDs [Figs. 3(c) and 4(a)—4(d)] also exhibited signifi-
cant enhancement in the large 6 direction, which strongly
indicated an increase in the effective escape cone in the
microsphere array LEDs.

Slight enhancement in light extraction efficiency is ob-
served for the hexagonal close-packed configuration in com-
parison to that obtained for the square close-packed array
configuration, as shown in Fig. 7. This finding is consistent
with the larger scattering center across the 2D lateral distri-
bution from the higher packing density enabled by hexagonal
lattice arrays, which cause improved extraction efficiency.
It is important to note that the self-assembled microsphere
arrays formed by the colloidal deposition method result in
many domains with highly ordered regions in the range of
25-40 pm x 25-40 pm. The defect in the colloidal crystal re-
sults in domains with a poly-crystalline-like structure, which
in turn may result in the averaging effect on the directionality
studies in the analysis for large area devices. The extraction
efficiency in microsphere array LEDs is minimally affected by
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the locally ordered domains, which has been demonstrated in
numerous experimental results [45-50,52].

6. CONCLUSION

The FDTD method was employed to calculate the light extrac-
tion efficiency of TFFC LEDs with TiOs-based microsphere
arrays. Specifically, the light extraction efficiency of TiO,
microsphere array LEDs with different packing densities (sub-
monolayer, monolayer, and multilayer) and different packing
geometries (square and hexagonal close-packed geometries)
are compared. Our finding indicates that the optimized pack-
ing density and packing geometry of the microsphere arrays
for the LEDs is the hexagonal close-packed monolayer TiO,
sphere array. By optimizing the lattice structure of TiO, micro-
sphere arrays, the light extraction efficiency of microsphere
LEDs is expected to have 3.6-fold enhancement compared
to that of a planar LED. The far-field pattern engineering
can also be achieved by selecting hexagonal and square lattice
configurations, and the use of hexagonal patterns appears to
provide a slight increase in the light extraction efficiency in
comparison to that from a square lattice.
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