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ABSTRACT: Polystyrene(PS)/ZnO micronano hierarchical structures were fabricated on a flat surface by depositing ZnO
nanoparticles from a cluster beam at oblique incidence on the surface predeposited with PS microspheres. The hierarchical
structure was composed of submicron-sized PS particle layers covered with dense films of columnar ZnO nanoparticle piles
separated with nanoscale pores. It was demonstrated that the cooperative effect that combines the microlens function of the PS
microspheres and the enhanced Rayleigh scattering of the ZnO nanoparticle porous layers can be used to greatly reduce the total
internal reflection at the medium—air interface. The PS/ZnO hierarchical structures were fabricated on the surface of GaN-based
light-emitting diode (LED) chips to enhance the light-extraction efficiency. A 77.7% improvement on the light-output power was

realized, which was much greater than that obtained with the PS microstructures alone.
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1. INTRODUCTION

Light-emitting diodes (LEDs) have been studied intensively for
their potential use in display and lighting products. They have
promising advantages of high efficiency, long lifetime, and low
power consumption.”” GaN-based LED is one of the most
commonly used LEDs. However, GaN-based LEDs display a
low light-output power (LOP) compared to the theoretical

value.?

LOP could be improved through enhancement in
internal quantum efficiency (IQE) and light-extraction
efficiency (LEE). IQE has been achieved more than 80%
through the improvement on the device fabrication techni-
ques.”> However, LEE is still low, mainly due to the
considerable loss of generated light in total internal reflection
(TIR) caused by the large difference in refractive index of GaN
(n = 2.43) and air (n = 1).° It should be noted that only 4% of
the generated light can escape out of the LEDs.” Most of the
light from the quantum wells is internally reflected at the LED
and air interface, trapped inside the device, and ultimately
converted to heat, resulting in a significant reduction in the
light-extraction efficiency.
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To enhance the LOP of GaN-based LEDs, a variety of
structures with microscale and/or nanoscale features have been
incorporated into LEDs. Such features include photonic
crystals,”~"" conductive omnidirectional reflectors,>"*
lens alrrays,m_16 plasmonic nanostructure,'’ ~*? nanorods,
and surface roughening of current spreading layer.””>> They
have been demonstrated to enhance the device performance
largely by overcoming TIRs. Most studies have been focused on
surface texturing of micrometer size due to the ease of
fabrication, among which transparent electrode texturing and
patterning is one of the commonly used effective methods. For
example, the LOP of the LEDs with periodic microcircle
structures on the indium tin oxide (ITO) layer exhibited a
46.4% enhancement compared to the conventional LEDs.”*
The use of microlens arrays on GaN-based LEDs has been
demonstrated as one of the most effective techniques in
improving LEE.”'*'>” The significant increase in the output
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Figure 1. (a) Schematic diagram of a magnetron plasma gas aggregation cluster beam deposition process. (b) Sketch illustrating the oblique-angle
cluster beam deposition process; « is the cluster beam incident angle measured from the substrate normal.

power of the LEDs with microlens arrays presumably can be
attributed to the increase in its effective photon escape cone
and reduce Fresnel reflection in the ITO/air interface."*
However, most of the ITO texturing and patterning methods
involve high temperature and a dry etching process, which
could cause some sacrifice of the favorable electrical properties
of the LEDs. For next-generation applications of high-efficiency
LEDs, further improvement of the LEE is required.

Currently, microscale/nanoscale hierarchical structures have
been studied for improving the LOP of LEDs. It was shown
that introduction of hierarchical structures was also a promising
way to suppress the total internal light loss because they could
make a dual enhancement of the LEE, which was achieved by
combining two different effects following microscale or
nanoscale mechanisms toward TIR reduction. For example,
Sheu et al.”® showed that the wall-plug efficiency of LEDs with
textured ITO/GZO (Ga-doped ZnO) composite could be
markedly improved by 45% as compared to conventional LEDs.
Lee et al.”’ also showed that the luminous intensity of AlGaInP-
based metal-bonding LEDs with micro- (microbowl arrays) and
nanoscale (nanorods) textured surface could be enhanced
65.8% under 20 mA current injection as compared with the
plane surface LEDs. LEDs with hierarchical surfaces consisting
of p-GaN microdomes and SiO, nanorods exhibited a light-
output improvement of 36.8%.”° Recently, Kim et al*’
demonstrated that a hybrid structure comprising ZnO nanorod
arrays grown on the NiCoO hemispherical lens showed an
increase of light extraction by 3.8 and 6.2 times compared to
LEDs with bare NiCoO nanoparticles and without any
nanoparticles, respectively. The enhancement was attributed
to the enlarged escape angle cone and increased probability of
light scattering. We have shown that a thick stacking of dense
TiO, nanoparticles with nanoscale porosity could be used to
significantly enhance the LEE of LED,” and the mechanism
should be attributed to Rayleigh scattering induced by refractive
index fluctuations among the nanoparticle layer,*”" rather than
the reduction of Fresnel reflection.

Oblique-angle deposition has been proven to be an effective
method to fabricate porous nanostructures, and it was recently
applied for improving LOP of LEDs. Lin and Lee showed that
the light-output power of the LED covered with ITO nanorod
arrays fabricated by oblique-angle deposition technique could
be enhanced 26.4% as compared with the conventional LED
and could be attributed to the nanorod surface morphology and
the matching of refractive index obtained by the ITO nanorod
arrays.”” By performing oblique-angle cluster beam deposition,
we fabricated columnar TiO, nanoparticle piles separated with
nanoscale pores on the surfaces of GaN LEDs to enhance their
light output.™
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Despite many studies being conducted on the improving
LOP of LEDs with microscale and/or nanoscale structures, to
date most of the approaches have been focused on the
reduction of the Fresnel reflection in the dielectric/air interface.
Especially, the light-extraction effects of nanostructures, such as
the waveguiding effect, the multiple tilted surfaces, and the
graded refractive indices, were considered independently.
Although hierarchical structures were fabricated, they were
not optimized to apply the cooperative effect between the
microscale structures and the nanoscale structure. In the
present work, we employ oblique-angle cluster beam deposition
to fabricate microscale/nanoscale hierarchical structures
combining polystyrene (PS) microsphere arrays and ZnO
nanoparticle porous layers on the surface of GaN-based LEDs
to reduce TIR loss and enhance the LEE. We perform a
quantitative measurement on the incident angle-dependent TIR
extraction efficiency of the hierarchical structures. We report an
extra enhancement on the LEE, which is attributed to the
cooperative effect of the PS hemisphere arrays that act as
microlens and the ZnO nanoparticle porous layers that
generate enhanced Rayleigh scattering.

2. EXPERIMENTAL SECTION

2.1. Fabrication of GaN-Based LED Chips. GaN-based LED
chips were fabricated by sequentially growing undoped GaN (u-GaN,
2 ym), n-GaN (2 ym), five periods of InGaN/GaN multiple quantum
wells (MQWs), p-GaN (250 nm), indium tin oxide (200 nm), and p-
and n-type Cr/Au electrodes on c-plane sapphire substrates (400 ym),
using a metal—organic chemical vapor deposition (MOCVD) process.
The details of the LED-fabrication process can be found else-
where.>>** The fabricated LED chips (set A) and silica glasses (set B)
were used as substrates in equal experimental condition for further
treatment.

2.2. Deposition Submonolayer PS Microsphere. The mono-
dispersed PS microspheres (mean size 0.5 um, size distribution <3%
CV, solid 10% w/w) used in the work was purchased from Duke
Scientific Corps. The monolayer of PS microspheres was formed on
LEDs by using the spin-coating process. The PS microspheres were
diluted 20 times, spin-coated on the substrates at a rotation speed of
250 rpm for 120 s and 800 rpm for 200 s, and finally dried in air
naturally.

2.3. Fabrication of PS/ZnO Hierarchical Structure. An oblique-
angle cluster beam deposition process®® was used to deposit ZnO
nanoparticle layers on the LED surface with PS microspheres. In such
a process, the PS microspheres randomly distributed on the substrate
produced shadow regions that the incident nanoparticle flux could not
reach, while on the nonshadow regions (tops of the PS microspheres)
the incident cluster flux deposited preferentially. As a result, the
nanoparticles piled up and formed a PS/ZnO based hierarchical
structure.

In our fabrication, ZnO nanoparticles were generated in a
magnetron plasma gas aggregation cluster source®*™*® and deposited
on substrates obliquely, as shown in Figure la. The deposition was
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Figure 3. SEM micrographs of the porous PS/ZnO hierarchical structure at different nanoparticle deposition stages, which show the evolution of
structure in the deposition process. (a) Before the deposition, the PS microspheres are randomly distributed on the LED chip surface. (b) In the
deposition process, the 500 nm sized PS microspheres acted as obstacles that accumulated deposited nanoparticles on the faces exposing to the
beam. (c) After the deposition, the formations of column-like structures on PS microspheres are evident. The inset shows a high-magnification SEM
image of an individual PS microsphere covered with ZnO nanoparticles.

performed in a high-vacuum chamber equipped with the cluster
source. A ZnO target with high purity (99.999%) was used as the
sputtering target. An intermediate frequency pulse power supply was
used for the sputtering of ZnO target in argon gas (purity, 99.999%)
ambient with a pressure of ~100 Pa, maintained by passing argon gas
to the liquid nitrogen-cooled aggregation tube. A stable magnetron
discharge ran with input power, frequency, and duty ratio of 130 W, 40
kHz, and 55%, respectively. Sputtered ZnO molecules lost energy by
colliding with the cooled argon gas in the aggregation tube and formed
nanoparticles. The nanoparticles were swept by the gas stream into
high vacuum through a nozzle, forming a collimated nanoparticle beam
with a high speed of ~1000 m/s.>> Thus, the nanoparticles deposited
and stuck on the substrate or LED chip surface firmly. The substrate
was tilted so that the incident nanoparticle beam direction made a 65°
angle against the substrate surface normal, as shown in Figure 1b. The
deposition was carried out at a rate of 1.5 + 0.1 A/s for 45 min. In situ
annealing was carried out for 10 min at 125 °C, after the deposition.
Under annealing, the PS spheres deformed into hemispheres. In the
end, three kinds of samples were prepared on both set A and set B
substrates: (i) spin-coated PS microspheres, (ii) annealed PS
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microspheres (PS hemispheres), and (iii) annealed PS/ZnO
hierarchical structure.

A field-emission scanning electron microscope (FE-SEM, ZEISS
SIGMA) was used to study the surface morphology of the samples.
Light-output measurement and the electrical characteristics of the
GaN-based LEDs were measured using an on-wafer testing
configuration (IPT 6000 LED chip/wafer probing system). The
system was composed of an optical parameter analyzer with an
integrating half-sphere mounted above the LEDs. Far-field radiation
patterns of LEDs were measured by an LED goniophotometer
(LED626, EVERFINE Corporation).

2.4. Incident Angle-Resolved Light-Transmission Measure-
ments. The light-transmission properties of the PS/ZnO hierarchical
structure were inspected on a homemade spectrophotometer
containing a hemicylindrical prism sample stage. The samples were
directly adhered to the flat face of the hemicylindrical silica glass prism.
The gap between the sample substrate and the prism was filled with
refractive index matching liquid of refractive index n = 1.46, so light
could transmit from the prism into the sample with little loss.*” An
integrating sphere was placed behind the prism to collect the
transmitted light. We could then directly measure the light
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Figure 4. (a) SEM image of spherical PS particles. (b) SEM image of PS/ZnO hierarchical structure. (c) High-magnification SEM image of PS/ZnO
hierarchical structure. The blue arrow indicates the exposed half face of the PS microsphere. (d) SEM image of hemispherical PS particles after heat
treatment. (e) SEM image of PS/ZnO hierarchical structure after heat treatment at 125 °C. (f) High-magnification SEM image of PS/ZnO
hierarchical structure after heat treatment. The red arrow indicates that the exposed half faces of the PS microsphere were almost invisible after heat

treatment. The inset shows an SEM image of a single ZnO nanoparticle-covered PS microsphere after heat treatment.
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Figure 5. (a) Calculated values of effective refractive index of a spherical and a hemispherical PS microparticle array. The values of refractive index of
air, PS, and silica glass substrate are 1, 1.59, and 1.5, respectively. (b) Measured optical refractive index of porous ZnO nanoparticle layer obliquely

deposited on substrate with an incident angle of 65°.

transmission from the sample to air as a function of the incident angle
6. The critical angle of silica glass is 6. = 43.0°, determined by the
refractive index of 1.46. A 473 nm laser beam passed through the
circular edge of the prism and impinged on the center of the flat face
of the hemicylindrical prism where the samples were attached. The
incident angle @ of the laser beam could be varied with an angular
resolution of 2°. Far-field transmission spectra were collected from the
flat surface of the prism. The light was collected by the integrating
sphere and propagated to the spectrometer (Zolix Omni-4 300) via an
optical fiber. Both the prism and the integrating sphere were installed
at the center of a scanning stage so that the incident angles of the
illumination light could be varied. A schematic diagram of the angle-
resolved light-transmission measurement system is shown in Figure 2.

3. RESULTS AND DISCUSSION

3.1. Characterization of the PS/ZnO Hierarchical
Structure. Typical SEM micrographs of the PS/ZnO
hierarchical structure at different deposition stages are shown
in Figure 3. As shown in Figure 3a, the PS microspheres are
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randomly distributed on the LED chip surface. When the
nanoparticles were deposited on the surface obliquely from the
cluster beam, the 500 nm sized PS microspheres acted as
obstacles that accumulated deposited nanoparticles (7 nm
diameter on average) on the faces exposed to the beam (as
shown in Figure 3b) and prevented nanoparticles from being
deposited in the shadow regions. As shown in Figure 3¢, the
formations of column-like structures on PS microspheres are
evident. Therefore, the oblique deposition generates two
important contributions to the morphology formation: (a)
due to the shadowing and self-shadowing effects, ZnO
nanoparticles could not deposit on the shadow region of the
PS microspheres and the deposited ZnO nanoparticles, which
induced porous structures; (b) with heavy deposition mass,
ZnO nanoparticles preferentially piled up, which formed
columnar nanostructures. From the high-magnification SEM
image presented as an insert in Figure 3c, which shows an
individual PS microsphere covered with ZnO nanoparticles,
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one can see that the hierarchical structure consists of two
components: the unexposed half face of the PS microsphere
that is free of ZnO nanoparticle coverage and the columnar
ZnO nanoparticle piles at the top of the PS microsphere that is
exposed to the nanoparticle beam. In Figure 3c, the clean LED
wafer surface without ZnO nanoparticle coverage can easily be
distinguished (the dark areas adjacent to the PS microspheres).

Parts a—f of Figure 4 compare the morphologies of the PS/
ZnO hierarchical structures before and after 125 °C annealing.
After heat treatment, the spherical PS particles changed to be
hemispheres and welded onto the substrate surface, as shown in
Figure 4a and e. The formation of the PS hemispheres greatly
enhanced the mechanical stability of the hierarchical structures
since they adhered strongly to the substrate with large contact
areas.”® Furthermore, the ZnO nanoparticles deposited with
relatively high kinetic energies and were subjected to some
sintering in the postannealing process, which generated rigid
columnar aggregations of ZnO nanoparticles. The deformation
of the PS microspheres also induced deformation of the PS/
ZnO hierarchical structure. After heat treatment, the PS
microspheres were almost invisible, as can be seen in Figure
4f. This deformation is propitious to the light extraction of
LEDs, which will be discussed later.

3.2. Effective Refractive Index Characterization.
Refractive index is an important parameter on the analysis of
the light-extraction mechanism of fabricated hierarchical
structures. For a submonolayer of microparticles, effective
refractive index changes with the height along the layer
thickness. The effective refractive index (n.g) is a spatial average
of the refractive index of air and the discontinuous medium.
Figure Sa shows the calculated values of effective refractive
index of a spherical and a hemispherical PS microparticle array.
They were calculated on the basis of the structure depicted in
the inset in Figure 5a as™

- MyirA e + MpsApg
ot Aair + APS (1)

where n,, and npg (~1.59 in the visible spectrum) are the
refractive indices of air and PS and A,;, and Apg are the area
fractions of air and PS colloidal particles at a certain height,
respectively. As shown, along the layer thickness, the effective
refractive index of the spherical PS microparticle layer first
gradually increases and then decreases with the increase in
height. For the hemispherical PS microparticle layer, the
effective refractive index shows a monotonous decrease with
the increase of height. This indicates that the hemispherical PS
microparticle arrays have a graded refractive index that
gradually changes from the air to the substrate surface, similar
to that of moth-eye nanostructures for Fresnel reflection
reduction.” Figure Sb plots the effective refractive index of a
porous ZnO nanoparticle film obliquely deposited on a
substrate with an incident angle of 65° as a function of
wavelength. The data were measured with an ellipsometer. At
the wavelength of 450 nm, the measured refractive index of the
ZnO nanoparticle layer is 1.64, whereas the refractive index of
bulk ZnO is ~2.11, which indicates that the fabricated ZnO
nanoparticle film has a porous structure composed of air and
aggregated ZnO nanoparticles. We have demonstrated
previously that such nanoparticle aggregations in the nano-
porous structures could display an enhanced Rayleigh scattering
due to the strong contrast in the refractive index between pores
and nanoparticles.”® The PS/ZnO hybrid structure can be

considered as a medium containing PS hemispheres immersed
in the ZnO nanoparticle porous layer. Therefore, its effective
refractive index can be calculated as

np—ZnOA p-ZnO + nPSAPS

Ap—ZnO + APS (2)

Mo =

where 1,7, is the refractive index of ZnO nanoparticle porous
layer. At 450 nm wavelength, the average effective refractive
index of the hybrid PS/ZnO layer is calculated to be ~1.62,
which matches well between the refractive index of air and the
ITO layer on LED chip.

3.3. Light-Transmission Properties of the PS/ZnO
Hierarchical Structure. To visualize the transmission
characteristics of the PS/ZnO hierarchical structures, a white
screen was placed behind the flat surface of the silica glass prism
to display the spots of the transmitted light. Figure 6a exhibits
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Figure 6. Images of the spots of transmitted light extracted from the
(a) blank silica glass hemicylindrical prism, (b) glass prism with
spherical PS microparticle layer, (c) glass prism with hemispherical PS
microparticle layer, and (d) glass prism with PS/ZnO hierarchical
structure. (e) Experimental light transmittance curves of the extracted
light vs incident angle of the laser for the above four samples.

the images of the spots formed with the transmitted light from
the blank silica glass substrate, glass with PS microspheres, glass
with PS hemispheres (after heat treatment), and glass with PS/
ZnO hierarchical structure, respectively, under the illumination
of 473 nm laser at the same incident angle of 60° (larger than
the critical angle 6. = 43.0°). The blank silica glass substrate
demonstrated obvious TIR, as shown in Figure 6a. In Figure 6b
and ¢, one can find that a small fraction of the light transmitted
to air from the glass substrates covered with PS microspheres or
PS hemispheres. Most of the light was still totally reflected at
the inner surface of the glass substrates. In Figure 6d, it is
illustrated that a significant amount of light otherwise trapped
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Figure 7. (a) Three-dimensional schematic of a single LED chip produced using the conventional LED fabrication technique. (b) EL spectra of
conventional LED, LED with PS microspheres, LED with PS hemispheres, and LED with PS/ZnO hierarchical structure. (c) LOP versus forward
current curves. (d) Histograms of light-output power (LOP) measured from a set of four kinds of LEDs, with each kind of LED composed of 30
separate chips. (e) Measured I-V curves of LEDs. The insets show emission images of conventional LED and LED with PS/ZnO hierarchical

structure at an injection current of 10 mA.

due to TIR could be extracted out and transmitted to the air.
The light-extraction ability was much enhanced as compared
with those covered with PS microspheres, although there was
still some fraction of TIR occurred.

To quantitatively measure the incident angular-dependent
light-transmission behaviors of the fabricated structures, an
integrating sphere was located close to the glass substrates to
collect the total extracted light through the PS/ZnO
hierarchical structures. In Figure 6e, the transmission efficiency
was shown as a function of incident angle of the laser light, with
a comparison with those of the blank silica glass substrate and
the glass covered with PS microparticles (spheres or hemi-
spheres). Obviously, significant transmission efficiency was
obtained in the large incident angle range beyond the critical
angle when the glass substrate was covered either with PS
microparticles or with PS/ZnO hierarchical structures.
Generally, microparticles can directly serve as microlens arrays
for enhancing light extractions, because they provide enlarged
effective photon escape cones due to their convex lens
shapes.'®*”*! Furthermore, the refractive index of PS is 1.59
in the visible spectrum. A submonolayer of PS microparticles
on silica glass surface can thus act as a graded refractive index
antireflection coating matching the refractive index between
glass and air. Therefore, for the PS microparticle layers coating
on silica glass surface, the enhanced light extraction beyond the
critical angle should be attributed to the effects of reduced
Fresnel reflection as well as the enlarged effective photon
escape cone induced by them.” It can be found that the light
transmission is slightly higher for the PS hemisphere coatings
than that for the PS microsphere coating. This can be attributed

to the effect of heat treatment, which induces changes on the
effective refractive index as well as the contact way of the PS
microspheres to the substrate. For the PS microsphere
monolayer, heat treatment results in larger effective refractive
index due to the gradually changed area fractions of air and PS
microspheres at a certain height.*® For the silica glass prism
covered with PS/ZnO hierarchical structures, light trans-
mittance was much greater than that of the PS microparticle-
covered samples when the light incident angle was beyond the
critical angle. This result could be attributed to the cooperative
effect of the PS hemisphere arrays that act as microlens and the
ZnO nanoparticle porous layers that generate enhanced
Rayleigh scattering. The refractive index of ZnO is as high as
2.11.*"% Previous research showed that there was significant
enhanced light scattering in the nanoporous structures with
columnar aggregation of nanoparticles of high refractive index
materials, due to the coherent Rayleigh scattering from the
particles that were very closely piled and the strong contrast in
the refractive index between the nanopores and the nano-
particles.”® The enhanced scattering effect of the nanoscale
structures could work with the microlens effect of the
microscale structures concurrently and cooperatively. As a
result, a dual enhancement of LEE was realized.

3.4. Applied for Light Extraction of GaN-Based LEDs.
The excellent light-extraction properties of the PS/ZnO
hierarchical structures were applied for improving the LEE of
GaN-based LEDs. The structure of the GaN-based LED device
used in this study is shown in Figure 7a schematically. PS
microsphere layers as well as PS/ZnO micronano hierarchical
structure were fabricated on the top of the LED chips. The
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Table 1. Light-Output Power (LOP) and Forward Voltage of the Four Types of LEDs at Injection Currents of 350 and 700 mA

LOP (mW)/ enhancement/ forward voltage (V)/ LOP (mW)/ enhancement/ forward voltage (V)/
350 mA 350 mA 350 mA 700 mA 700 mA 700 mA
conventional LED 116.8 + 2.0 3.928 + 0.029 207.1 + 3.6 5.145 + 0.038
LED with spherical PS 148.5 + 2.7 24.6% + 4.4% 3.949 + 0.032 258.5 £ 48 24.8% + 4.4% 5.168 + 0.044
LED with hemispherical 1572 £ 3.5 34.6% + 5.4% 3.949 + 0.032 279.1 £ 6.2 34.8% + 5.4% 5.168 + 0.045
PS
LED with PS/ZnO 207.6 + 6.3 77.7% + 8.5% 4.000 + 0.038 362.7 + 11.0 75.1% + 8.5% 5221 + 0.049

optical properties and electric properties of the LEDs were
measured for comparison. Figure 7b shows the electro-
luminescence (EL) spectra of the LED chips, which include
the original LED chip, and the LED chips covered with PS
microspheres or hemispheres, as well as the LED chip covered
with PS/ZnO hierarchical structure, at an injection current of
350 mA. Each curve shows the average result over the
measurements on 30 LED chips. The four curves have similar
EL bands; there is neither significant shift on the peak
wavelength (at ~450 nm) nor broadening of the peak width
(with a full width at halfmaximum (fwhm) of ~20 nm).
Compared to the original LED chips, the LED chips with PS
microspheres or PS hemispheres both have an enhanced EL
intensity. Nevertheless, the EL intensity of the LED chip with
PS/ZnO hierarchical structure exhibit a much larger extra
enhancement on the basics of the enhanced EL of LED covered
with PS microspheres or hemispheres.

Figure 7c shows the typical LOP versus forward current
curves of the four kinds of LED chips. The error bars shown in
the figure were determined from a statistical analysis of the data
measured from 30 separate LED chip cells. Figure 7d includes
histograms showing the distribution of light-output power
measured from a set of four kinds of LEDs, with each kind of
LED composed of 30 separate chips. We can see that the
histograms of each kind of chip all resemble a normal
distribution with standard deviations of 2.0, 2.7, 3.5, and 6.3
mW, respectively. Although the standard deviations of the LOP
data measured from the chips fabricated with PS microspheres
or PS/ZnO hierarchical structures become significantly
increased, due to the local fluctuation of the fabricating
conditions, no significant overlaps among the distributions of
the light-output power for the four different types of chips
could be observed. It therefore indicates that a real improve-
ment on the LOP is realized for the LED chips covered with PS
microspheres, as well as for the LED chips covered with PS/
ZnO hierarchical structures.”’

Figure 7e shows the current—voltage (I-V) curves of the
four kinds of LED chips measured at room temperature. The
error bars of the data were determined with a similar procedure
as that used for the statistical analysis of LOP data. We can see
that all the I-V curves are almost overlapped. These results
indicate that the deposition of PS microstructure or PS/ZnO
micronano hierarchical structure does not significantly degrade
the electrical properties of the GaN-based LEDs.

In Table 1, the data of LOP and forward voltage for the four
types of LEDs measured at forward currents of 350 and 700
mA are compared. At 350 mA forward current, the LOPs of the
conventional LED, LED with PS microspheres, LED with PS
hemispheres, and LED with PS/ZnO hierarchical structure are
116.8 + 2.0, 145.5 + 2.7, 1572 + 3.5, and 207.6 + 6.3 mW,
respectively. The latter three each have a 24.6%, 34.6%, and
77.7% LOP enhancement, respectively. Clearly, with PS/ZnO
hierarchical structure, very high light-output power improve-
ment was realized. The physical mechanisms of such a large

enhancement could be attributed to the synergistic effect in the
hierarchical surface feature combining microscale and nanoscale
structures. As we have analyzed above, the PS microparticle
arrays could act as microlens, which have been proven as an
effective way to reduce internal light reflection, and the effect
could be modeled with ray tracing."**> With a layer of PS
microparticles on ITO surface of LED, the light-output power
of the LED could be significantly increased due to the increase
in its effective photon escape cone. Furthermore, a
submonolayer coating of PS microspheres could also reduce
Fresnel reflection on the ITO/air interface, due to the
formation of graded refractive index profile, which transits
from ITO (n = 2.2) to air (n = 1). LED covered with PS
hemisphere layers could have a more increased output power
than the LED covered with PS microspheres, due to the
increased effective refractive index result from the enhanced
contact area of the PS hemispheres.”®

On the other hand, for the porous ZnO nanoparticle layer,
we have to consider another light-extracting mechanism.
Because the effective refractive index of the ZnO nanoparticle
layers is much larger than that of air, light which otherwise
totally internally reflected in the ITO substrate can significantly
escape and enter the ZnO nanoparticle layer. Light scattering
(Rayleigh scattering) induced by strong refractive index
contrast among the random distribution of ZnO nanoparticle
columns and nanometer-sized pores is therefore responsible for
the light-output enhancement. Such a mechanism has been
demonstrated in our previous studies.”” Furthermore, the
columnar piling of ZnO nanoparticles in the porous layer
induces excess optical scatterings, due to the coherent
scatterings from the nanoparticles that are very closely piled.
Such coherent scatterings result in effective cross sections that
are larger than the sum of the Rayleigh scattering cross section
of the individual nanoparticles.

Incorporating ZnO nanoparticle porous layers with the PS
microstructures generates much greater LOP enhancement,
which should be attributed to the cooperative effect between
the PS microlens and the ZnO nanoparticle scatters. Because
the TIR-depressing mechanisms of microscale and nanoscale
structures are basically different, light-extraction enhancement
with porous ZnO nanoparticle coating could function with the
photon escape cone enlarging effect of the PS microsphere
layers on parallel to generate an additional enhancement.
Therefore, a dual enhancement of LOP was achieved.

Recently, various nanostructures have been investigated for
improving the LOP of LEDs. Kim et al. reported an
improvement of light-extraction efficiency from GaN-based
LEDs using a hybrid structure composed of ZnO nanorod
arrays and NiCoO nanoparticle arrays grown on the p-GaN
layer.”” Lin et al. observed a 26.4% LOP enhancement from the
LED covered with ITO nanorod arrays fabricated by oblique-
angle deposition technique.”> However, in these studies, the
light-extraction effects of the nanostructures, such as the
waveguiding effect, multiple tilted surfaces, and the graded
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refractive indices, were considered independently. The
structures were not optimized to apply the cooperative effect
between the microscale structures and the nanoscale structure.
Although light scattering was sometime considered, the
fabricated structures were also not optimized for scattering
enhancement. Our present strategy provided an effective way
for improving the LOP of LEDs by incorporating the
microscale and nanoscale light-extraction mechanisms. Fur-
thermore, we demonstrated that porous piling of nanoparticles
with high refractive index could be powerful Rayleigh scatters
for light extraction.

Figure 8 shows the far-field radiation profiles of the four
types of LEDs. The direction perpendicular to the surface of
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Figure 8. Far-field radiation profiles of the four types of LEDs.

the LED is defined as zero degree. Compared with that of the
conventional LEDs, the light-output intensities of LEDs with
PS microparticles (spheres and hemispheres) show obvious
enhancement in the angular range from 0° to 50°, and the
greatest light intensity is in the vertical direction. Such
enhancement behavior can be attributed to the microlens
effect and the formation of a graded refractive index profile of
the PS microstructures. According to Snell’s law, the critical
angle for light output from ITO (n = 2.2 at 450 nm) to air is
only 27°. When PS microparticle arrays are fabricated on the
ITO surface of an LED, the critical angle is 46.3° for light
output from ITO to PS microlens (n = 1.59 at 450 nm) and
40° for light output from PS microlens to the air, respectively.
Thus, the photon escape cone of the LEDs could be enlarged.
In addition, a PS microparticle layer on the LED surface can
provide graded refractive index transition from ITO to air, and
Fresnel reflection will be reduced in the vertical direction. For
an LED with PS/ZnO hierarchical structure, the light-output
intensity distribution shows an obvious enhancement in the
angular range from 0° to 70° compared with the conventional
LED, which indicates that fabricating PS/ZnO hierarchical
structure on the surface of LED could further enlarge the
photon escape cone. The enhancement is relatively homoge-
neous at the whole angular range. In addition, the enhancement
can be extended to the angular range, which is obviously greater
than that of LED with PS microspheres/hemispheres only. This
behavior can be attributed to the enhanced Rayleigh scattering
effect of the ZnO porous nanoparticle layers. It therefore
demonstrates another effective approach for the enhancement
of light extraction, that is, an increase in the radiation profile
width. This Lambertian light emission is beneficial to the
applications in general lighting.”®

4. CONCLUSION

In summary, we have fabricated PS/ZnO micronano
hierarchical structures on the surface of GaN-based LEDs to
enhance the light-extraction efficiency (LEE). The hierarchical
structure was composed of randomly distributed submicron-
sized spherical/hemipherical PS particles and porous accumu-
lations of nanometer-sized ZnO particles, which were fabricated
by performing gas-phase cluster beam deposition at glancing
incidence. Incident angle-resolved light-transmission measure-
ments showed that light transmission from the internal of the
medium could be tremendously enhanced for light incident
beyond the critical angle of total internal reflection at the
medium—air interface with the covering of the PS/ZnO
hierarchical structures. The light-transmission enhancement
could be attributed to the cooperative mechanism that
combines the microlens function of the PS microspheres and
the enhanced Rayleigh scattering provided by the columnar
aggregation of the ZnO nanoparticles. The LOP of the GaN-
based LED with PS/ZnO hierarchical structure has been
improved by 77.7% as compared with the unmodified LED.
The LOP enhancement comes from the fact that the PS/ZnO
micronano hierarchical structures can effectively attract the
emitting light that was otherwise trapped in the LED due to
total internal reflection. Our research demonstrates a scalable,
cost-effective fabrication technique that might provide a viable
solution for achieving better light extraction in the existing
solid-state lighting devices.
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