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Abstract: The fabrication studies of silica/polystyrene (PS) colloidal microlens arrays with
various aspect ratios were performed on the III-nitride light-emitting diodes (LEDs). The use
of colloidal-based microlens arrays led to significant enhancement in light extraction effi-
ciency for III-nitride LEDs. In varying the aspect ratios of the microlens arrays, the engineer-
ing of various PS thicknesses was employed by using high-temperature treatment and
redeposition process. The effects of PS thickness on the light extraction efficiency and far-
field emission patterns of InGaN quantum-well (QW) LEDs were studied. The total output
powers of microlens LEDs with various PS thicknesses exhibited 1.93–2.70 times
enhancement over that of planar LEDs, and the use of optimized PS layer thickness is
important in leading the enhancement of the light extraction efficiency in large angular
direction.

Index Terms: III-Nitrides, light-emitting diodes (LEDs), light extraction efficiency, microlens
arrays, far-field radiation.

1. Introduction

In addition to various applications for lasers [1]–[7], thermoelectric [8]–[11], photovoltaics and solar

energy conversion [12]–[14], and terahertz photonics [15], III-nitride compound semiconductors are

of great importance for light-emitting diodes (LEDs) employed in solid-state lighting [16]–[30]. One

of the major challenges related to conventional III-nitride LEDs is the narrow photon escape cone

(23.5�) and, thus, low light extraction efficiency (4%) due to the large refractive index contrast
between GaN (n ¼ 2:5) and free space (n ¼ 1:0). Various approaches have been used to enhance

the light extraction efficiency for III-nitride LEDs, such as surface roughening [31]–[34], sapphire

microlenses [35], oblique mesa sidewalls [36], nanopyramids [37], photonic crystals [38]–[41],

graded refractive index materials [42], [43], and self-assembled lithography p-GaN patterning [44].

The sapphire microlenses and photonic crystals approaches utilize either e-beam lithography or

holography lithography, while the other approaches such as surface roughening employs chemical
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etching. Thus, the issues of nonuniformity or high cost are associated with these processes, which

impede the large-scale and low-cost production applicable for LEDs. Hence, approaches based on

inexpensive, amenable and large-scale methods for enhancing the light extraction efficiency of

LEDs are highly desirable for commercialization.

The refractive indices of SiO2 and polystyrene (PS) in the visible spectrum are 1.58 and 1.46,

respectively. Hence, the SiO2/PS monolayer microlens arrays on the planar emitting surface of

LEDs can provide graded refractive index transition and convex lens shape between GaN and air.

Thus, the light extraction efficiency of LEDs can be increased due to the reduced Fresnel reflection,
enlarged photon escape cone and enhanced photon scattering. Our recent works based on a low-

cost approach for enhancing the light extraction efficiency by depositing self-assembled 2-D close-

packed and large-scale SiO2/PS microlens arrays on the GaN emitting surface of LEDs were

demonstrated [45]–[47]. However, the fabrication of SiO2/PS microlens arrays with various PS

thicknesses, as well as the impact of the PS thicknesses on the extraction efficiency and far-field

pattern of LEDs has not been studied. In addition to the convex microlens arrays approach [45]–[47],

the use of PDMS concave microlens arrays to increase nitride LED light extraction efficiency was

recently demonstrated [48].
In this paper, we present detailed fabrication studies of self-assembled 2-D close-packed and

large-scale SiO2/PS microlens arrays with various PS thicknesses on top-emitting InGaN quantum

well (QW) LEDs. The SiO2/PS microlens array deposition is accomplished by employing the rapid

convective deposition (RCD) [45]–[47]. The diameter of SiO2 microspheres was fixed at 1.0 �m,

and the thickness of the PS layer can be tuned from 0 nm to 810 nm with high-temperature (140 �C)

treatment and redeposition process. The electroluminescence (EL) output-power versus current

density measurements in the normal direction were carried to investigate the light extraction

efficiencies of the LEDs with SiO2/PS microlens arrays with different PS thicknesses. The LED far-
field EL measurements were also performed to understand the influence of PS layer thickness on

the far-field emission patterns and total output power.

2. Deposition of SIO2/PS Microlens Arrays by RCD

The depositions of SiO2/PS microlens arrays were performed on GaN-based top-emitting LED

device structure by employing RCD process. The details of the SiO2/PS microlens arrays

deposition by RCD approach are available in [45]–[47]. Here, the current studies focused on
fabrication of SiO2/PS microlens arrays with various PS thicknesses. The ability to tune the PS

layer thickness by employing high-temperature treatment leads to the ability to form SiO2/PS

microlens with various convex lens aspect ratios, as shown in Fig. 1(a)–(d). By embedding SiO2

microspheres arrays in PS layers with different thicknesses [see Fig. 1(a)–(d)], the extraction

efficiency and far-field emission patterns of the LED devices can be enhanced and optimized over

the LED devices with only SiO2 microsphere arrays with no PS layer.

Fig. 1. (a)–(d) Cross-sectional schematics of SiO2/PS microlens arrays on InGaN QW LEDs with
various PS thicknesses. The ability to tune the PS thickness with high-temperature treatment resulted in
convex microlens with various aspect ratios.
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In order to form microlens arrays with various aspect ratios [see Fig. 1(a)–(d)], the fabrication

process of the microlens arrays were shown in Fig. 2(a)–(e). Fig. 2(a)–(e) shows the fabrication

process flow of SiO2/PS microlens arrays with PS thickness equal to or smaller than 650 nm via

the RCD of 14% SiO2/4% PS binary suspension on the LEDs. The RCD was performed in the

class-1000 clean room to ensure clean surface morphology. Prior to RCD, standard optical

lithography was used to cover the n- and p-metal contacts of the LEDs by photoresist (Shipley

1813), such that the SiO2/PS microlens on the metal contact regions can be lifted off after the

microlens deposition. The 14% SiO2/4% PS binary suspension was prepared by dispersing the
1.0-�m diameter SiO2 microspheres and 100-nm diameter PS nanospheres into DI-water.

Afterwards, the suspension was immersed in the ultrasonic bath for 1 hour and then thoroughly

shaken by the vortex for 1 min.

Fig. 2(a) shows that during the RCD, a 5.0-�L droplet SiO2/PS binary suspension was firstly

injected between the LED and a microscope glass slide (blade) forming a wedge with the sample at

the angle of 55�. Afterwards, the blade swept across the fixed sample at a speed of 62.5 �m/s by a

linear motor. Fig. 2(b) shows that after the RCD, the sample was heated at 140 �C for 1 min to melt

PS nanospheres, which led to filling up the gap between the SiO2 microspheres and forming a
650-nm thick planar PS layer [see Fig. 2(b)]. Thus, this process leads to forming a planar PS layer

surrounding the SiO2 microspheres without influencing the close-packed structure. It is important to

note that the temperature of heat treatment cannot be too high, since the common photoresists

may convert from novolac resins to the bakelite materials at higher temperature (200 �C for Shipley

s1800 series) which can be hardly lifted off. In order to reduce the thickness of planar layer, further

high-temperature annealing at 140 �C [see Fig. 2(c)–(e)] was employed onto the SiO2/PS

microlens LEDs with PS thickness of 650 nm. The annealing melted the 100-nm PS nanospheres

and led to evaporation of PS under continuous heating. By controlling the annealing time, varying
PS thicknesses were attained.

As shown in Fig. 3, the PS thickness in the SiO2/PS microlens arrays is in quasi-linear proportion

to the annealing time at the annealing temperature of 140 �C. Hence, arbitrary PS thicknesses

between 0 nm to 650 nm can be obtained, depending on the dimension of interest. It is important to

note that the melting point of bulk PS material is 240 �C that is much higher than the annealing

temperature of 140 �C. However, Karabacak et al. reported that the nanoscale materials possess

Fig. 2. (a) Cross-sectional schematics of the RCD of SiO2/PS microlens arrays on top-emitting LEDs
and (b)–(e) fabrication process flows of SiO2/PS microlens LEDs with various PS thicknesses via high-
temperature annealing at 140 �C.
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significantly lower melting points than those of bulk materials due to enlarged surface area [49]. In

this paper, the diameter of PS nanospheres is 100 nm, which led to a melting point below 100 �C as

observed in our experiments. Further increase in annealing temperature is believed to encourage

faster evaporation. The annealing temperature of 140 �C was chosen for the consistency with our

previous studies [45]–[47].

To investigate the surface topographies and planar PS thickness of SiO2/PS microlens arrays,

the scanning electron microscopy (SEM) [Hitachi 4300] experiments were performed after RCD and

annealing [see Fig. 2(a)–(e)]. Fig. 4(a)–(d) shows cross-sectional and 45�-tilted SEM images of the

SiO2/PS microlens arrays on top of the LED with PS thicknesses of 0 nm, 250 nm, 350 nm, and

650 nm, respectively. From Fig. 4(a)–(d), the SEM images clearly indicate the fabrication of the

convex microlens arrays on the GaN-based LEDs samples with various aspect ratios. As shown in

Fig. 4(b), by annealing the sample at 140 �C for 4 min, the evaporation process of PS led to the

reduction of PS thickness to 350 nm. The PS layer thickness can be further reduced to 250 nm with

4 additional minutes of annealing [see Fig. 4(c)]. Finally, PS layer was completely evaporated off

with total annealing time of 15 min [see Fig. 4(d)].

In addition to the approach described earlier by employing single SiO2 microspheres þ PS

nanospheres RCD technique, the use of second PS nanosphere RCD will provide additional degree

of freedom in forming the convex microlens arrays. To achieve the 810-nm thick PS layer structure

[see Fig. 5(b)], Fig. 5(a) shows that the second RCD of 4% 100-nm PS nanosphere unary

suspension was performed following the first RCD of 14% SiO2/4% PS binary suspension,

Fig. 4. SEM images for the 1.0-�m SiO2/PS microlens arrays LEDs with PS thicknesses of (a) 650 nm,
(b) 350 nm, (c) 250 nm, (d) 0 nm, with the insets showing the images tilted at 45�.

Fig. 3. PS thickness versus annealing time of SiO2/PS microlens arrays deposited by the RCD of 14%
SiO2/4% PS binary suspension.
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which led to 1.0-�m SiO2/650-nm PS microlens arrays [see Fig. 4(a)]. Similarly, the 4% PS unary

suspension was prepared by dispersing 100-nm diameter PS nanospheres into DI-water to form

4% PS unary suspension. In succession after the ultrasonic bath and vortex shaking, a 5.0 �L
droplet of 4% PS unary suspension was injected between the sample and blade. The blade angle
was kept at 55� but the sweeping blade speed was modified to 58.3 �m/s. Then, the sample was

heated at 140 �C for 1 min to melt the PS nanospheres into the planar PS layer. As shown in

Fig. 5(b), the additional PS nanospheres increased the thickness of PS planar layer to 810 nm.

From our studies, we found that the variation of volume fraction of PS nanospheres in the SiO2/PS

binary suspension could also change the PS thickness of SiO2/PS microlens arrays, without

implementing the annealing process. However, the unoptimized volume fraction of PS nanospheres

can damage the close-packed property of the SiO2/PS microlens arrays by introducing vacancies of

SiO2 microspheres [50], which hinder the enhancement of light extraction efficiency. The 4% volume
fraction of PS nanospheres in the SiO2/PS binary suspension was observed to lead to optimized

RCD condition with almost no vacancies in the microlens arrays, as shown in the insets of

Figs. 4(a)–(d) and 5(b). Therefore, the implementation of RCDs of binary suspension and unary

suspension, and the annealing processes are more applicable in tuning the PS layer thickness.

3. Experimental Results of EL Studies for Nitride LEDs

3.1. Characteristics of Normal and Oblique Radiation Patterns

In order to characterize the light extraction efficiency enhancement of the LEDs with microlens

arrays, the EL studies were performed. After the deposition of the microlens arrays, the LED

samples with microlens arrays were immersed into the photoresist developer Shipley 351 at 60 �C

to lift off the photoresist. It is important to note that acetone could not be used for lifting off the

photoresist in this study since acetone dissolves PS very well. All the LEDs in this study here were

grown on 3.0-�m thick n-GaN template on c-plane sapphire substrates by the Veeco P-75 meta-

lorganic chemical vapor deposition (MOCVD) reactor. The active region in the LED structure
consists of 4 periods of InGaN/GaN QWs with the central emitting wavelength of 432 nm. The n-GaN

template was Si-doped with doping level of 5� 1018 cmÿ3. The p-GaN was grown utilizing

200 nm thick Mg-doped GaN with doping level of 3� 1017 cmÿ3 at 970 �C, followed by the N2

annealing at 850 �C. The LEDs were fabricated as top-emitting devices with the area of

1:25� 10ÿ3 cm2, and Ti/Au as n-contact and Ni/Au as p-contact were evaporated followed by the

rapid thermal annealing.

Fig. 5. (a) Fabrication process flow and (b) SEM images of SiO2/PS coated LEDs with PS thickness of
810 nm deposited by two RCDs, with the inset showing SEM image tilted at 45�.
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The on-wafer continuous wave (CW) power measurements were performed in the dark room at

room temperature for the planar LED (as reference), and SiO2/PS microlens LEDs with PS

thicknesses of 0 nm, 250 nm, 650 nm, and 810 nm, respectively. In order to ensure the consistency

of LED characteristics and the accuracy of the comparison, all the measurements were conducted

on the hexagonal LED device with identical mesa area of 1:25� 10ÿ3 cm2.

Fig. 6(a) shows the EL spectra at � ¼ 0� (normal direction) of the planar LED and SiO2/PS

microlens LEDs with various PS thicknesses at the current density of 80 A/cm2. The microlens

LEDs with PS thicknesses of 0 nm, 250 nm, 650 nm, and 810 nm exhibit 2.40, 2.60, 2.03, and

1.96 times improvement in the integrated power, respectively, as opposed to that of the planar LED.

Hence, the SiO2/PS microlens arrays can lead to significant increase in light extraction efficiency in

the normal direction, which is mainly due to the enlarged light escape cone and reduced Fresnel

reflection.

In addition to the measurement at � ¼ 0� [see Fig. 6(a)], the EL spectra of the SiO2/PS microlens

LEDs were also measured at � ¼ 45� (oblique direction) and at the same current density of 80 A/cm2,

as shown in Fig. 6(b). In Fig. 6(b), the integrated powers of SiO2/PS microlens LEDs with PS

thicknesses of 0 nm, 250 nm, 650 nm, and 810 nm show 2.19, 2.80, 3.27, and 3.18 times

enhancement, in comparison with that of the planar LED at the current density of 80 A/cm2. It is

important to note that the peak intensity of EL spectrum of microlens LEDs with PS thickness of 0 nm

(yellow curve) is considerably lower than that of itself at � ¼ 0� and those of the other microlens LEDs

at � ¼ 45�. The peak intensities of EL spectra of microlens LEDs with PS thickness of 650 nm (yellow

Fig. 6. Measured EL spectra of InGaN QW LEDs emitting at 432 nm of SiO2/PS microlens LEDs with
various PS thicknesses and planar LED for (a) normal direction at angle of 0� (normal to sample
surface) and (b) oblique direction at angle of 45�.
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curve) and 810 nm (black curve) at � ¼ 45� are observed to be higher at than those at � ¼ 0�. Hence,

the comparison between Fig. 6(a) and (b) indicates that the use of PS layer into SiO2 microsphere
arrays to form SiO2/PS microlens arrays with various thicknesses lead to significant increase in the

diffusion of light at large oblique angle direction.

In order to further investigate the significant difference of the EL spectrum intensities of microlens

LEDs with various PS thicknesses at � ¼ 0� and � ¼ 45�, the angle-dependent EL far-field studies

were carried for all the LEDs studied here, as shown in Fig. 7. The far-field measurements were

taken from � ¼ 0� up to � ¼ 90�. Note that the results presented for � ¼ ÿ90�–0� range are identical

with those from � ¼ 0�–90� range, and both results are presented in the same plot for completeness

purpose (Fig. 7). The far-field emission patterns of SiO2/PS microlens LEDs were measured on the
LEDs at the current density of 80 A/cm2. The far-field measurement setup consisted of a semi-

circular structure on which the optical fiber can be rotated 180� in a single plane. The measured

LEDs were placed in the center of the semicircular structure, hence the optical fiber kept equidistant

away from the measured LED as the optical fiber rotated through 180� in the plane to collect the

emission at varying angles. As the distance between the optical fiber and measured LEDs was fixed

at 2.5 cm which was much larger than the dimension of the measured LEDs (regular hexagon with

edge length of 220 �m), the far-field measurement condition was fulfilled [51]. As shown in Fig. 7,

the output power of the emission is radially plotted, with 0� as normal to the LED emitting surface.
Fig. 7 shows that all the far-field emission patterns exhibit Lambertian-like radiation patterns

attributed to the large index contrast between GaN and free space. The far-field emission patterns

of LEDs with microlens arrays show considerably stronger radiant intensity over that of the planar

LED. Both the normal direction and large angle far-field pattern for LEDs with microlens arrays

exhibit significant enhancement over those of the planar LED, which is attributed to reduced Fresnel

reflection and enlarged escape cone. In addition, the use of PS layer in the SiO2/PS microlens

LEDs is important in particular for enhancing the light extraction efficiency in the large oblique angle

direction, leading to more diffused far-field pattern (see Fig. 7).
From Fig. 7, the measured far-field emission of the SiO2/PS microlens LEDs was much larger

than that of the planar LED. However, the enhancement ratios of the far-field emission as a function

of angular direction vary significantly for SiO2/PS microlens LEDs with various PS thicknesses. As

shown in Fig. 8, the far-field emission intensities of the SiO2/PS microlens LEDs were normalized to

that of the planar LED in order to obtain the enhancement ratios of output power as a function of

angular distribution. The enhancement ratios of the SiO2/PS microlens LED with PS thickness of

0 nm are more significant at small angles from 0� to 30� than that at larger angles. However, the

implementation of the PS layer in the SiO2/PS microlens LEDs for PS thicknesses of 250 nm,
650 nm, and 810 nm greatly enhanced the far-field emission at larger angular distribution in particular

at 30� up to 50�. The use of SiO2/PS microlens LED with PS thickness of 650 nm led to the largest

far-field emission ratio at large angular distribution. At � ¼ 45� where the EL spectra of the LEDs

were measured [see Fig. 6(b)], the enhancement ratio of output power of the microlens LED with PS

thickness of 0 nm is significantly lower than those of microlens LEDs with PS layers. Thus, our finding

indicate that the use of microlens with optimized PS thickness led to enhancement in light extraction

Fig. 7. Far-field emission patterns of the planar LED and SiO2/PS microlens LEDs with various PS
thicknesses.
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efficiency due to the increase in the light extraction in the large angular direction, which

corresponded to the diffuse light enhancement.

3.2. Comparison of Light Output Powers Versus Current Density

In order to study the relationship between the output powers of SiO2/PS microlens LEDs versus

the injected current density, the output power measurements were carried out under CW operation.

Fig. 9(a) shows the output powers as a function of the current density up to 80 A/cm2 for normal

direction (� ¼ 0�). The output powers show quasi-linear relation with increasing current density, and

Fig. 9. Light output power versus current density of InGaN QW LEDs employing SiO2/PS microlens
arrays with various PS thicknesses for (a) normal direction at angle of 0� (normal to sample surface) and
(b) total output power integrated over all angular directions. The EL measurement data for planar LEDs
without microlens arrays are presented for comparison.

Fig. 8. Far-field emission enhancement ratio of output power as a function of far-field angle for LEDs
with microlens arrays normalized to that of planar LEDs.
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the results also indicated evidence of efficiency droop at high current density. As exhibited in

Fig. 9(a), at the current density of 80 A/cm2, the EL measurements show 2.40, 2.60, 2.03, and

1.96 times improvement in the output powers of the SiO2/PS microlens LEDs with PS thicknesses

of 0 nm, 250 nm, 650 nm, and 810 nm, respectively, in comparison with that of the planar LED,

similar to the finding in Fig. 6(a).
Note that the far-field measurements [see Figs. 7 and 8] indicate that the implementation of the

SiO2/PS microlens LEDs with PS layer leads to stronger far-field enhancement at higher angles, in

comparison to the SiO2/PS microlens LEDs with no PS layer. Thus, the integrated output powers of

the LEDs were obtained by integrating the far-field output power across all solid angles, as shown in

Fig. 9(b). Fig. 9(b) plots the total output powers as a function of the current density up to 80 A/cm2.

The total output powers of the microlens LEDs with PS thicknesses of 0 nm, 250 nm, 650 nm, and

810 nm exhibit 1.93, 2.21, 2.70, and 2.57 times enhancement, as compared with that of the planar

LED at the current density of 80 A/cm2. The significant enhancement in the output powers
measured for LEDs employing SiO2/PS microlens arrays with PS thicknesses of 650 nm and

810 nm can be attributed to the large diffuse light extraction in the large angular direction.

To provide comparison of the device characteristics of microlens-based LEDs and planar LED, the

output powers and extraction efficiency enhancement ratios were plotted. Fig. 10(a) shows the

total output powers versus PS thickness of SiO2/PS microlens LEDs and total output power of

the planar LED at the current density of 80 A/cm2. The ratios of the light extraction efficiency for the

integrated powers over all angular directions for the LEDs with microlens arrays over that of planar

LEDs were shown in Fig. 10(b). In comparison, the ratios of the output powers in normal direction for
the microlens LEDs and planar LEDs were plotted as well in Fig. 10(b). From the results in Fig. 10(a)

and (b), it is evident that the implementation of the optimized PS layer thickness in the SiO2/PS

microlens arrays led to enhancement in the output power and light extraction efficiency, in particular

in enhancing the diffuse light extraction at large angular direction. This comparison supports the

observation in the EL measurements that the controllability of PS layer thickness is critical in

extracting and diffusing the light toward the larger angular directions.

Fig. 10. (a) Total output power versus PS thickness of the SiO2/PS coated LEDs (solid curve) and
planar LED (dash line) and (b) the external efficiency enhancement ratios from total output power and
output power in normal direction for SiO2/PS coated LEDs with various PS thicknesses.
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4. Summary

In summary, the optimization studies of the self-assembled 2-D close-packed SiO2/PS microlens

with various PS thicknesses were performed by employing the RCD and high-temperature (140 �C)

treatment. The fabrication of the colloidal microlens arrays with various aspect ratios was carried

out for III-nitride LEDs applications. Both the EL in the normal direction and far-field measurements
were carried out on III-nitride LEDs with these microlens arrays. The engineering of the PS layer

thickness is important in increasing the light extraction (1.93 to 2.70 times) and achieving more

diffusive radiation pattern in particular at large angular direction from 30� to 50�, which showed the

compatibility of this approach for solid state lighting applications.
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