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Abstract�Improvement of light extraction ef�ciency of
InGaN LEDs using colloidal-based SiO2 /polystyrene (PS) mi-
crolens arrays was demonstrated. The size effect of the SiO2 mi-
crospheres and the thickness effect of the PS layer on the light ex-
traction ef�ciency of III-nitride LEDs were studied. The monolayer
rapid convective deposition conditions for SiO2 microspheres were
also investigated. Ray tracing simulations show that the use of mi-
crolens arrays can lead to increase in light extraction ef�ciency of
InGaN LEDs by 2.64 times. This is consistent with experiments that
demonstrated 2.49 times improvement in light extraction utilizing
SiO2 /PS microlens arrays. The enhancement in light extraction
ef�ciency is attributed to increase in effective photon escape cone
due to SiO2 /PS microlens arrays, and reduced Fresnel re�ection
within the photon escape cone due to the grading of refractive index
change between GaN/SiO2 /PS/air interface.

Index Terms�Colloid, InGaN quantum wells (QWs), LEDs,
light extraction ef�ciency, microlens arrays.

I. INTRODUCTION

THE LED invented in the 1960s [1] has its initial application
mainly as indicator lights in electronic products. However,

after the first demonstration of viable double-heterostructure
blue and green InGaN LED [2], [3], the current LED technology
is demonstrating device performance potential for becoming the
next generation illumination platform [4].

One of the issues that has continued to remain a challenge
since the inception of the LED is increasing light extraction
efficiency of LED devices utilizing a low-cost and practical
approach. Most of the light generated by the active regions of

Manuscript received December 17, 2008; revised February 6, 2009. This
work was supported in part by the National Science Foundation (NSF) Electri-
cal, Communications and Cyber Systems (ECCS) Award #0701421, in part
by the NSF Chemical, Bioengineering, Environmental, and Transport Sys-
tems (CBET) Award #0828426, and in part by Peter C. Rossin Assistant
Professorship.

Y.-K. Ee, H. Tong, H. Zhao, and N. Tansu are with the Center for Optical
Technologies, Department of Electrical and Computer Engineering, Lehigh Uni-
versity, Bethlehem, PA 18015 USA (e-mail: ee@lehigh.edu; hut3@lehigh.edu;
hoz207@lehigh.edu; tansu@lehigh.edu).

R. A. Arif was with the Center for Optical Technologies, Department of
Electrical and Computer Engineering, Lehigh University, Bethlehem, PA 18015
USA. He is now with EpiWorks, Inc., Champaign, IL 61822 USA.

P. Kumnorkaew and J. F. Gilchrist are with the Center for Advanced Materials
and Nanotechnology, Department of Chemical Engineering, Lehigh University,
Bethlehem, PA 18015 USA (e-mail: pik205@lehigh.edu; gilchrist@lehigh.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2009.2015580

the LEDs is trapped in the higher refractive index semiconductor
material. The large refractive index difference of GaN (n = 2.5)
and air (n = 1) at the interface results in total internal reflection
that leads to low light extraction efficiency. The escape cone in
GaN material is only 23.5 with a photon escape probability of
only 4%.

Several research groups have adopted different techniques to
improve the light extraction efficiency of LEDs. One approach
is to roughen the flat emission surface of the LEDs so that more
light at the roughened GaN/air interface is able to scatter out
from the active region. This has been done using wet etching [5]
or photochemical etching [6], but the roughness obtained using
these methods was not uniform, and thus, leads to a variation
in the improvement of light extraction efficiency of the LEDs
across the sample. Besides roughening the top surface emission
area of the LEDs, some research groups have tried to roughen the
mesa sidewalls of the LEDs using photochemical etching [7].
Similarly, the surface of the mesa sidewalls was nonuniform.
Another approach to increase the light extraction efficiency of
the LEDs was to use an oblique mesa sidewall [8]. This was
achieved using reflowed photoresist and by adjusting the flow
of CF4 gas during the dry etching process. The improvement
of the light extraction efficiency was isolated to the areas in the
sidewall regions only.

Photonic crystal structures have also been utilized to enhance
the light extraction efficiency of LEDs [9]–[12]. The photonic
crystal structures were fabricated using electron beam, laser
holographic, or colloidal lithography. Other approaches include
fabricating sapphire microlenses [13], nanopyramids [14], and
graded refractive indexes between GaN/air interface with pla-
nar materials [15]–[17]. Recently, we demonstrated a novel ap-
proach to significantly enhance the light extraction efficiency
of III-nitride LEDs by fabricating SiO2 /polystyrene (PS) mi-
crolens arrays [18], [19].

In this paper, we perform detailed studies on the conditions
for monolayer SiO2 deposition on GaN surface, and parametric
studies to optimize the light extraction efficiency of InGaN quan-
tum wells (QWs) LEDs employing these SiO2 /PS microlens
arrays. The parameters are: 1) diameter of SiO2 microspheres
(dSiO2) and 2) thickness of the planarized PS layer (hPS ). These
studies were carried out for optimizing the light extraction ef-
ficiency of LEDs with microlens arrays with two configura-
tions: 1) SiO2 /PS microlens arrays and 2) SiO2 microspheres
arrays. The experimental and simulation results are compared
with those of planar LEDs.
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Fig. 1. (a) Schematic of LEDs coated with a planar layer of intermediate
refractive index material between the semiconductor/air interface, with no in-
crease in photon escape cone. (b) Schematic of LEDs coated with SiO2 /PS
microlens array, with increase in photon escape cone.

II. CONCEPT OF MICROLENS ARRAY USING SiO2
MICROSPHERES

The large refractive index difference of GaN (n = 2.5)/air
(n = 1) interface results in total internal reflection, which leads to
low light extraction efficiency. The total internal reflection leads
to narrow escape cone of only 23.5� with an escape probability of
only 4% from top surface of the LED due to the optical modes
being trapped inside the semiconductor. The light extraction
efficiency of the LED can be increased by reducing the Fresnel
reflection for the light emitted within the escape cone. This
can be done by grading the refractive index change between
GaN and air with planar materials. However, the photon escape
cone remains unchanged at 23.5� for GaN/air interface, with the
rest of the light trapped inside the semiconductor, as shown in
Fig. 1(a).

To increase the photon escape cone, SiO2 /PS microlens array
was deposited on the emission surface of the LEDs, as shown
in Fig. 1(b). The SiO2 microspheres were semiburied in the
PS, forming close-packed lens-like arrays. These arrays allow
photons emanating from the QW to be scattered out of the LED
structure with larger photon escape cone from 23.5� to 39.8�.
The Fresnel reflection was also reduced using the SiO2/PS
microlens arrays. The refractive index of GaN in the visible
spectrum is 2.5, while the refractive indexes of PS and SiO2
microspheres are 1.58 and 1.46, respectively. This provides a
graded refractive index change from the GaN/PS/SiO2/air
interface, thus reducing Fresnel reflection. Using the SiO2/PS
microlens arrays, the light extraction efficiency of the LEDs can

Fig. 2. Schematic of InGaN QWs LEDs simulation mesh structure utilizing
SiO2 /PS microlens array on the top emission surface.

be increased with larger photon escape cone and reduction in
Fresnel reflection.

III. RAY TRACING SIMULATION OF LIGHT EXTRACTION
EFFICIENCY

To study the effect of SiO2 /PS microlens arrays on the light
extraction efficiency of the LEDs, a ray tracing simulation was
conducted. Monte Carlo ray tracing was used to calculate the
light extraction efficiency of the InGaN QWs LED. The Monte
Carlo technique was used to simulate the optics design due to
the relatively large dimensions of the LED. The simulated LED
device size was 100 µm × 100 µm. The simulated LED structure
includes 400 µm sapphire substrate, 2.5 µm n-doped GaN, an ac-
tive region consisting of four-period 2.5 nm InGaN/GaN QWs,
and capped with p-doped GaN as the contact layer. The sponta-
neous and amplified spontaneous emissions of the InGaN QWs
were computed and used as the light source for the ray tracing
simulation. The interaction of the ray traced photons and carrier
transport was carried out in three dimensions self-consistently,
taking photon recycling recombination into account . The active
mesh domain consists of 74 000 vertexes with 20 rays in each
vertex. A total of 1.48 million light rays were used in the sim-
ulations, so as to minimize statistical error to less than 0.1%.
The schematic of the LED simulation mesh structure utilizing
the SiO2 /PS microlens array is shown in Fig. 2.

The flow chart of the Monte Carlo simulation is shown in
Fig. 3. First, the physical LED structure was defined, together
with the input material parameters such as refractive index and
absorption coefficients. Additional LED ray tracing parameters
such as number of rays per vertex and minimum intensity of ray
before ray tracing terminates were also defined. Ray tracing of
the photons starts with the spontaneous emission from the active
region, which comprises of a four-period InGaN QWs. Tracing
of the trapped rays were terminated after a preset minimum in-
tensity has been reached. Light extraction efficiency was then
obtained from the analysis of the outgoing rays from the LED
structure. To provide useful comparison in our studies, the ratio
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Fig. 3. Flow chart of Monte Carlo ray tracing simulation to calculate the light
extraction efficiency of the LED.

of the light extraction efficiency of the III-nitride LED employ-
ing microlens arrays with that of planar LED is compared for
various SiO2 microsphere diameters and PS thicknesses with
various emission wavelengths.

To investigate the size effect of SiO2 microspheres on the light
extraction efficiency of III-nitride LEDs, ray tracing simulation
was performed for an LED with the top contact region coated
with SiO2 microspheres only (no PS layer). The ratio of the
light extraction efficiencies of the LED with SiO2 microspheres
compared to those of the planar LED is shown in Fig. 4. The
simulation was conducted for three emission wavelengths: 420,
480, and 525 nm. The diameter of the SiO2 microspheres ranged
from 0.0 (planar case) to 3 µm. From the simulation, the use
of SiO2 microspheres alone leads to enhancement of the light
extraction efficiency by as high as 1.8 times. When the size
of the SiO2 microspheres increases (dSiO2 > 2 µm), the light
extraction efficiency enhancement reduces.

The light extraction efficiency for the LED coated with mi-
crolens arrays was also investigated. Fig. 5 shows the ratio of
the light extraction efficiencies of the LEDs with microlens ar-
rays compared to those of the planar LED. In this simulation,
the SiO2 microspheres are semiburied in a layer of PS in the
emission area of the LED. The thickness of the PS layer is
equal to half the diameter of the SiO2 microspheres. The ef-
fect of emission wavelength and the size effect of the SiO2
microspheres on the light extraction efficiency of LEDs were
investigated. Simulations were conducted for LEDs emission
at 420, 480, and 525 nm, with diameters (dSiO2) ranging from
0.5 to 2 µm. From the simulations, the use of these microlens
arrays leads to enhancement in the light extraction efficiencies
from 1.8 up to 2.7 times for dSiO2 ranging from 0.5 up to 2
µm. The light extraction efficiency enhancement using SiO2
microspheres is relatively independent of the three different
emission wavelengths. For LEDs with similar dSiO2 , the vari-

Fig. 4. Comparison of light extraction efficiency ratios of InGaN LEDs with
varying SiO2 diameter (no PS), and emission wavelength.

Fig. 5. Comparison of light extraction efficiency ratios of InGaN LEDs with
varying SiO2 diameter and emission wavelength.

ation of the light extraction efficiencies was less than 15% for
wavelength ranging from 420 to 525 nm. Simulation indicates
that the optimum light extraction efficiency improvement for
LED with microlens with wavelength emission of 420 and 480
nm occurred when dSiO2 = 0.5 µm. As for the LED emitting at
525 nm, the optimum dSiO2 was found as 1.25 µm.

Simulations were also conducted to investigate the effect of
the PS thickness on the light extraction efficiency of the InGaN
QWs LEDs with SiO2 /PS microlens arrays, and are shown in
Fig. 6(a) and (b). In the analysis in Fig. 6(a), SiO2 microspheres
with dSiO2 = 0.5 µm were employed, while varying the thick-
nesses of the PS layer from 0.0 (no PS layer) up to 0.35 µm.
As shown in Fig. 6(a), it was found that the light extraction effi-
ciency for the LED with dSiO2 = 0.5 µm microlens arrays was
optimized for the case hPS = 0.25 µm, with improvement up to
2.7 times for the case of 480 nm emitting LED. When the PS
layer is thicker than the optimum thickness of hPS = 0.25 µm,
the effective photon escape cone is reduced as less surface of
the SiO2 microspheres is exposed. On the contrary, when the
PS layer is thinner than the optimum thickness, less photons

Authorized licensed use limited to: LEHIGH UNIVERSITY. Downloaded on July 30, 2009 at 23:50 from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS

Fig. 6. Comparison of light extraction efficiency ratios of InGaN LEDs with
varying PS thickness and emission wavelengths using (a) dSiO 2 = 0.5 µm and
(b) dSiO 2 = 1.0 µm.

are coupled into the SiO2 microspheres for light extraction.
Hence, the maximum effective photon escape cone is achieved,
when the optimum PS layer thickness is used, as it allows for
the optimum amount of photons to be coupled into the SiO2
microspheres.

For the analysis in Fig. 6(b), SiO2 microspheres with dSiO2 =
1.0 µm were utilized, while varying the thicknesses of the PS
layer from 0.0 (no PS layer) up to 0.75 µm. Similarly, the
light extraction efficiency for the LED with dSiO2 = 1.0 µm
microlens arrays was optimized for the case hPS = 0.5 µm
(dSiO2 = 1.0 µm), with improvement up to 2.6 times for the
case of 525 nm emitting LED, as shown in Fig. 6(b). Hence,
the light extraction efficiency of the LEDs are optimized when
the thickness of the PS layer is half that of the diameter of the
SiO2 microspheres [hPS = (1/2) × dSiO2].

IV. DEPOSITION PROCESS OF SiO2 /PS MICROLENS

The ex situ rapid convective deposition [19], [20] of the mi-
crosphere layers from colloidal suspensions were subsequently
conducted on top of the InGaN QW photoluminescence (PL)
and LEDs samples. A schematic of the rapid convective depo-
sition technique is shown in Fig. 7. The strategy behind using
colloidal self-assembly is to exploit the tendency of monosized

Fig. 7. Schematic of rapid convective deposition of PS and SiO2 microspheres
on LED samples.

submicrometer spheres to spontaneously arrange into a close-
packed 2-D crystal via strong capillary forces.

To optimize the deposition of monolayer SiO2 microspheres,
an optimal deposition speed was utilized. If the deposition speed
was too fast, a submonolayer of SiO2 microspheres was ob-
tained. If the deposition speed was too slow, then multilayer
SiO2 microsphere layers were obtained. Only when the deposi-
tion speed was optimized, a monolayer SiO2 microsphere array
was deposited. The confocal laser scanning micrographs of the
three different morphologies are shown in Fig. 8.

The deposition blade can be made hydrophilic or hydropho-
bic, and the deposition angle of the blade can also be varied. The
optimal deposition conditions and deposition speed to obtain
monolayer SiO2 microspheres have been investigated in [18].
For the monolayer deposition of 0.5 µm SiO2 microspheres and
1.0 µm SiO2 microspheres, the optimal deposition speed using
a hydrophilic blade at an inclination angle of 80� should be 65
and 60 µm/s, respectively.

To create SiO2/PS microlens arrays (Fig. 9), first a mono-
layer of hexagonal close-packed PS microspheres was deposited
followed by a monolayer of SiO2 microspheres. The sample was
then heated to 140 �C to planarize the PS, semiburying the SiO2
microspheres forming convex lens-like structures on top of the
light emission areas of the PL and LEDs samples. The captur-
ing of the SiO2 microspheres in the planar PS occurred without
significant rearrangement to the close-packed structure of the
microspheres.

V. EXPERIMENTAL RESULTS

The InGaN QWs PL samples for experiments with and with-
out the SiO2/PS microlens arrays were grown at the same time
in the metal–organic chemical vapor deposition (MOCVD) re-
actor. Room temperature PL measurements were done using a
325-nm laser as the excitation source from the backside of the
samples, with the PL luminescence collected from the top of the
samples. The PL samples were coated with the following con-
figurations: 1) SiO2 microspheres (no PS layer) in one region
and 2) SiO2 /PS microlens arrays in another region. The PL lu-
minescence of the sample emitting at 429 nm with and without
coatings is shown in Fig. 10. There is a 10 nm variation in the
peak PL luminescence of the different coated regions. This PL
spatial inhomogeneity is due to variation of indium content of
the InGaN QWs across the wafer [21]. As shown in Fig. 10, the
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Fig. 8. Confocal laser scanning microscopy images of (a) submonolayer SiO2
microspheres deposition when the deposition speed was too fast, (b) monolayer
SiO2 microspheres when deposition speed was optimized, and (c) multilayer
SiO2 microspheres deposition when the deposition speed was too slow. [19].

integrated PL luminescence of the sample covered with 0.5 µm
SiO2 microspheres and 0.5 µm SiO2 /0.1 µm PS microlens ar-
rays exhibited enhancement of 1.69 and 2.00 times over that of
the uncoated sample, respectively. These are in good agreement
with the simulation, which predicts an enhancement of 1.75 and
2.08 times for the InGaN QWs coated with 0.5 µm SiO2 mi-
crospheres only (hPS = 0 µm) and the 0.5 µm SiO2/0.1 µm PS
microlens arrays, respectively.

PL studies were also conducted for InGaN QWs samples
coated with 1.0 µm SiO2/hPS of 0.5 µm PS microlens ar-
rays. Fig. 11 shows the PL spectra of the coated and uncoated
samples. The integrated PL luminescence for samples with the
1.0 µm SiO2/PS microlens arrays showed 2.62 times improve-
ment over that of the uncoated sample. This is in agreement
with the simulated ray tracing results that predicted a 2.57 times
improvement in light extraction efficiency for the case of 1.0
µm SiO2/PS microlens arrays.

To investigate the effect of light extraction efficiency en-
hancement with longer emission wavelength, PL studies were
also conducted on In0.22Ga0.78N QWs samples with emis-

Fig. 9. Process flow schematic of depositing SiO2 /PS microlens array on PL
and LEDs samples using rapid convective deposition technique, and schematic
of InGaN QWs LEDs structure utilizing SiO2 /PS microlens array, with scan-
ning electron microscopy image showing SiO2 /PS in 2-D hexagonal close-
packed microlens array.

Fig. 10. Comparison of photoluminescence intensity of In0 .12 Ga0 .88 N QWs
sample coated with 0.5 µm SiO2 /PS microlens array, 0.5 µm SiO2 micro-
spheres alone, and uncoated sample.

sion in the green regime at �peak = 517 nm. Fig. 12 shows
the PL spectra of the In0.22Ga0.78N QW PL samples (�peak =
517 nm) without any coating, and with the 0.5 µm SiO2/0.1 µm
PS microlens arrays. The integrated PL luminescence for sam-
ples with the SiO2/PS microlens arrays showed 1.84 times
improvement over that of the uncoated sample. This is in
good agreement with the simulated ray tracing results, which
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