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We report on the fabrication of ordered hexagonal arrays of air-spaced GaN nanopillars by
nanosphere lithography. A self-assembled two-dimensional silica nanosphere mask was initially
formed by spin-coating. Prior to pattern transfer to the GaN substrate, a silica-selective dry etch
recipe was employed to reduce the dimensions of the nanospheres, without shifting their equilibrium
positions. This process step was crucial to be formation of air-spaced hexagonal arrays of
nanospheres, as opposed to closed-packed arrays normally achieved by nanosphere lithography.
This pattern is then transferred to the wafer to form air-spaced nanopillars. By introducing air gaps
between pillars, a photonic band gap (PBG) in the visible region can be opened up, which is usually
nonexistent in closed-packed nanopillar arrays. The PBG structures were designed using the plane
wave expansion algorithm for band structure computations. The existence and positions of band
gaps have been verified through optical transmittance spectroscopy, which correlated well with
predictions from simulations. From photoluminescence (PL) spectroscopy, a fourfold increase in PL
intensity was observed and compared to an as-grown sample, demonstrating the effectiveness of
well-designed self-assembled PBG structures for suppressing undesired optical guiding mode via
PBG and for promoting light extraction. The effects of defects in the nanopillar array on the optical

properties are also critically assessed. © 2011 American Institute of Physics.

[doi:10.1063/1.3531972]

I. INTRODUCTION

Lateral photon guiding is one of the major issues con-
cerning gallium nitride (GaN) light-emitting diodes (LEDs),
caused by the stark contrast in refractive index between the
semiconductor layer with its ambient, resulting in restricted
light extraction and subsequent reabsorption. Surface
texturing1 techniques can be adopted to alleviate this prob-
lem, with different degrees of success depending on the
dimensions,” geometries,3 and regularities of patterns4 em-
ployed. In general, microstructures involve simple microfab-
rication processes, exposing additional surface areas for light
extraction.’ On the other hand, ordered nanostructures such
as photonic crystals (PhCs),*® typically rely on electron-
beam or nanoimprint lithography9 for patterning, the cost and
efficiency of which is often forbidding. Nevertheless, PhCs
are highly effective, possessing the ability of controlling
spontaneous emission in optoelectronic devices. The forma-
tion of photonic band gap (PBG) structures inhibits all wave
vectors within the PBG,'" and thus promotes light extraction
by diffracting waveguided modes out with the semiconduc-
tor, as illustrated in Fig. 1.

Conventionally, PhC are patterned as ordered arrays of
recessed air-holes or protruding pillars. Instead of employing
high-cost direct-write techniques, nanosphere lithography
(NSL) (Ref. 11) is adopted in this work, being a practical
alternative approach toward large-scale nanofabrication and
with the capability of forming two-dimensional and three-
dimensional (3D) PhC structures. Uniform spheres are ca-

YElectronic mail: hwchoi @hku.hk.

0021-8979/2011/109(2)/023107/6/$30.00

109, 023107-1

pable of self-assembling into ordered hexagonal arrays over
large areas; such monolayers of nanospheres serve perfectly
as hard masks to transfer pillar patterns onto the surfaces of
LEDs. The ability of spheres to spontaneously form closed-
packed structures also acts as its limitation; PhCs require
alternating layers of different materials with defined and con-
stant separations, and a close-packed structure is obviously
not favorable for achieving this. Establishing finite spacing
between individual spheres is a critical step toward realizing
PBG structures.

In this paper, we propose an air-spaced nanopillar PhC
structure with a wavelength-tunable PBG. Prior to pattern
transfer to the wafer, silica nanospheres are shrunk by a se-
lective dry etch process. As a result, spacing is induced be-
tween spheres on the plane without altering the sites of
spheres; therefore the packing of the modified array remain
largely regular. This dimension-adjusting procedure over-
comes the restrictions of close-packed patterning to achieve

(@

FIG. 1. (Color online) (a) A large fraction of the light is trapped within the
semiconductor layer due to total internal reflections. (b) PBG structures
promote light extraction by diffracting waveguided modes out of the layer.

© 2011 American Institute of Physics
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FIG. 2. (Color online) Schematic diagrams illustrating the fabrication flow.
(a) Silica nanospheres are coated onto the surface of a GaN wafer, forming
closed-packed arrays. (b) Shrinkage of spheres using RIE. (c) Pattern trans-
fer to GaN using ICP etching. (d) Silica residue removal.

low-cost, high-efficiency, and PBG-tunable nanopillar arrays,
which has been applied to InGaN LED materials for realiz-
ing enhancement of light extraction.

Il. EXPERIMENTAL DETAILS

Figure 2 illustrates the proposed fabrication process of
air-spaced nanopillar arrays by NSL. Our hybrid NSL pro-
cess was performed on IIl-nitride LED wafers consisting of
InGaN/GaN multi-quamtum wells (MQWs) grown by metal-
organic chemical vapor deposition on c-plane sapphire sub-
strate. Uniform silica (SiO,) nanospheres, suspended in
deionized water with mean diameters of 192 nm, were mixed
with sodium dodecyl sulfate (SDS) at a volume ratio of 10:1.
SDS acted as a surfactant to reduce the surface tension of
water and thus facilitated the spreading of particles to pre-
vent clustering. 1.5 uL of well-mixed colloidal suspension
was then dispensed onto a sample surface by mechanical
micropipetting. The nanospheres spread laterally upon spin-
coating at 1000 rpm for 5 min, self-assembling into a mono-
layer hexagonal-close-packed array across the sample. At
this time, the pattern can be transferred to the LED wafer to
form closed-packed nanopillars, as demonstrated from our
previous works.'*" In this work, the nanosphere-coated wa-
fer was subjected to reactive ion etching (RIE) using
CHF5-based plasmas at low rf power prior to pattern transfer.
This choice of etchant gas ensured that the silica spheres are
selectively etched, without affecting the GaN substrate. Dur-
ing the etching process, the dimensions of the silica nano-
spheres are reduced. The rf power was maintained low in
order to avoid overheating (causing distortion of sphere ge-
ometry), and translation of spheres (destroying orderliness of
packing). Due to dimensional reduction, an air-gap is in-
duced between spheres. The shrunk nanospheres then served
as an etch mask and the pattern was subsequently transferred
to the GaN wafer by inductive-coupled plasma (ICP) etching
using Cl, chemistry to form an air-spaced nitride nanopillar
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FIG. 3. FE-SEM images showing (a) the original ordered close-packed
nanopillar array and (b) the air-spaced nanopillars.

array. The ICP and platen powers were maintained at 300
and 100 W while the chamber pressure was fixed at 5 mTorr.
The etch depth was approximately 350 nm after etching for
75 s. The spacing between nanopillars was exposed as im-
aged by field-emission scanning electron microscopy (FE-
SEM) in Fig. 3. The nanospheres were subsequently re-
moved by sonification in de-ionized water, leaving behind
the nitride air-spaced nanopillar array.

Optical transmittance measurements were conducted to
verify the existence and position of a PBG. The incident
beam from a high power broadband solid-state plasma light
source (Thorlabs HPLS-30-03) was collected by an optical
fiber and focused onto the samples in planar direction. The
transmitted beam was collected and channeled to an optical
spectrometer (Ocean Optics HR2000) via another fiber. The
optical properties of the PhC structures were further evalu-
ated by time-integrated photoluminescence (PL) at room
temperature. A Spectra-Physics diode-pumped solid-state
UV laser at 349 nm was used as an excitation source (120,
1 kHz) while the PL signal was coupled to a spectrometer
comprising an Acton SP2500A 500 mm spectrograph and a
Princeton Instrument PIXIS open-electrode charge-coupled
device via an optical fiber bundle, which offers optical reso-
lutions of better than 0.1 nm.

lll. RESULTS AND DISCUSSIONS
A. Designing the PhC structure

To design and predict the existence of a PBG in a nitride
nanopillar array, band diagrams were computed using RSOFT
BANDSOLVE, which employs the plane wave expansion
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FIG. 4. (Color online) Plot of simulated TE PBG as a function of diameters
of close-packed spheres.

(PWE) algorithm for band computations. The supercell tech-
nique was utilized during 3D PWE simulations. We begin
with the simulation of a closed-packed nanopillar array, the
structure obtained naturally with NSL. In this case, the peri-
odicity of the array is considered to be the diameter of a
single nanosphere. The positions of the PBG (a/\) for the
transverse electric (TE) modes were computed as a function
of sphere diameter (between 100 and 900 nm) and plotted in
Fig. 4, since emissions from InGaN/GaN MQWs are domi-
nated by TE modes.'* The plot shows that the TE-PBGs are
mainly located in the ultraviolet and infrared regions of the
spectrum. For visible InGaN/GaN LED applications, the
PBG should obviously be located within the visible spectrum
to achieve any beneficial effects. Of course, even in the ab-
sence of a PBG, the closed-packed nanopillar structure can
still be used to increase light extraction via dispersive and
geometrical effects,15 albeit with reduced effectiveness.

In spite of the said limitations, a PBG can still be intro-
duced into the visible spectral region by modifying the NSL
process to enlarge the physical gaps between nanopillars to
produced air-spaced nanopillar arrays, as described in the
section on experimental details. To demonstrate this concept,
our experiments and computations were carried out using
nanospheres with initial nominal diameters of 192 nm with
variations of +/—2 nm. The positions of the TE band gaps
for shrunk nanopillar arrays of diameters 120—170 nm, with
a fixed pitch of 192 nm, were computed and shown in Fig. 5.
By reducing the diameters of spheres while maintaining their
pitch, the positions of the TE-PBG shift accordingly. As we
are interested in the visible region, the range of frequencies
(a/N) of interest lies between 0.39 and 0.45, corresponding
to wavelengths of between 426 and 492 nm. From the simu-
lation results in Fig. 5, it can be deduced that the diameters
of spheres should be reduced into the range of 126—162 nm,
coinciding with the range of InGaN/GaN MQWs emission
centered at 455 nm for the material used in our experiments.

B. Fabrication and optical characterization of the PhC
structure

The proposed air-spaced nanopillar structure was fabri-
cated using a modified NSL process. The self-assembled
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FIG. 5. (Color online) Plot of simulated TE PBG as a function of diameter
of sphere (with a pitch of 192 nm).

spheres, which acted as a sacrificial masking layer, were
etched for dimensional reduction. During this first etching
step, the silica spheres are etched without pattern transfer to
the GaN wafer. As the dry etch process is directional, the rate
of etching in the vertical direction is faster than in the lateral
plane. Gradually the incident ions trim the diameters of the
spheres, opening up air gaps between spheres. However, un-
der prolonged etching, the geometry of spheres may become
irregular in shape and adjacent spheres tend to aggregate,
resulting in disruption of order in the arrays, due to physical
bombardment of ions and accumulation of heat. Figures 6(a)
and 6(b) shows FE-SEM images of nanosphere arrays after

FIG. 6. FE-SEM images showing nanosphere arrays after dry etching at (a)
300 and (b) 70 W rf powers.

Downloaded 28 Nov 2011 to 147.8.21.150. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



023107-4

K. H. Li and H. W. Choi

! (0)

——130nm|
40
30
20

—150 nm|
200
10 i

——160 nm|

10 i

400 500 600
Wavelength (nm)

8 8 8

Transmittance (%)
g 3

FIG. 7. (Color online) (a) FE-SEM images showing air-spaced nanopillar
arrays that have been RIE etched for durations of (i) 14, (ii) 12, (iii) 10, and
(iv) 8 min; (b) optical microphotographs of nanopillar arrays with diameters
of (i) 130, (ii) 140, (iii) 150, (iv) and 160 nm, and (c) measured transmission
spectra from the respective nanopillar arrays.

etching at 300 W and 70 W of rf powers, respectively. To
produce nanopillar arrays of desired order and uniformity,
moderate etch conditions are required to minimize defect for-
mation. Based on our calculations, four sets of samples were
developed with incremental etch durations. After pattern
transfer to the GaN wafer and residue removal, four samples
with air-spaced nanopillar structures were produced. The FE-
SEM images in Fig. 7(a), i-iv, illustrate nanopillar arrays
etched for durations of 14 min, 12 min, 10 min, and 8 min,
respectively; their diameters are roughly equal to 130 nm,
140 nm, 150 nm, and 160 nm, respectively.

Plan view microphotographs in Fig. 7(b), i-iv, illustrate
physical color changes observed from the sample surface in
the normal direction, changing from purplish blue to green-
ish blue with decreasing pillar diameter. Light spots are at-
tributed to larger area of defects which are unpatterned. To
verify the existence and position of the PBG, an optical
transmission measurement in the planar direction was con-
ducted. Figure 7(c), i-iv, shows the measured transmission
spectra. Four distinct transmission minimize were observed
at the wavelengths of 490.59 nm, 471.49 nm, 444.51 nm, and
431.96 nm, respectively, with decreasing sphere diameters of
160, 150, 140, and 130 nm. As the PBG structure forbids
lateral propagation at the range of wavelengths within the
band gap, propagation of the incident beam along the plane
is restricted, giving rise to reduced transmission at those
wavelengths. For light with wavelengths beyond the band
gap region, laterally propagating photons do not experience
PBG confinement effects. The transmission spectra, which
indicate the PBG positions, correlated well with the PWE
stimulated results in Fig. 5.
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FIG. 8. (Color online) Measured PL spectrum from air-spaced nanopillar
arrays, compared with an as-grown sample.

C. Enhancement of PL intensity in PhC structures

The optical effects of incorporating these PhC structures
onto LED wafers were evaluated by PL measurement. Figure
8 shows measured PL spectrum from the four nanopillar ar-
rays, together with the PL spectrum from an as-grown
sample. Interference fringes in the spectrum of the as-grown
sample indicate Fabry—Perot modes due to vertical optical
confinement. Majority of the photons generated by the
MQWs remain trapped within the wafer,'® forming standing
waves which are subsequently reabsorbed. Such oscillations
were clearly suppressed in the nanopillar samples with diam-
eters of 130, 140, 150, and 160 nm due to diffraction of the
guided modes by the PhC, together with the observation of
significant PL intensity enhancements, demonstrating that
PhCs can indeed play a remarkable role in manipulating
spontaneous emission by suppressing unwanted optical
modes via the PBG. Compared to the as-grown sample with
peak emission wavelength at 455 nm, the peak emission
wavelengths from the nanopillar samples were centered at
443.79, 444.05, 446.84, and 448.46 nm, a systematic blue-
shift with respect to their diameters, which can be attributed
to the position of the PBG. The spectral shifts were conse-
quential of the overlap between the MQW emission band and
the PBG. With decreasing pillar diameters, the position of
the PBG was shifted from 490.59 nm to 431.96 nm. As a
result, the spectra contents in the shorter wavelength region
were enhanced to a greater extent, giving rise to an apparent
spectral blueshift. For the 140 nm diameter nanopillar array,
a fourfold increase in PL intensity was observed since the
position of the PBG coincided with the emission wavelength,
as evidenced through the computed TE and TM band struc-
tures in Fig. 9. The TE band gap (the TE mode dominates in
InGaN/GaN MQW LEDs) occurs in the frequency range be-
tween a/\ of 0.4211-0.4402 within the light line of air, cor-
responding to wavelengths between 436.17 and 455.95 nm.
It indicates the PBG band corresponding to the 140 nm nano-
pillar array overlaps optimally with the MQW emission
band, correlating well with PL. measurements.
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FIG. 9. (Color online) Computed (a) TE and (b) TM band structures for an
air-spaced nanopillar array with pillar diameter and pitch of 140 nm and 192
nm, respectively.

D. The effects of disordering in nanopillar arrays

With the technique of NSL, the formation of closed-
packed hexagonal arrays relies on the packing and dimen-
sions of self-assembling microspheres. To achieve a close-
packed monolayer array by spin-coating, the sphere diffusion
rate and concentration of the suspension play important roles
in determining the coverage area. The former factor involves
a balance between centrifugal forces controlled by rotation
speed and surface tension forces which can be reduced by
adding the surfactant SDS. Nevertheless, the presence of de-
fects including point defects, line defects, and nonuniformity
of sphere diameters are inevitable. Point and line defects are
naturally and randomly formed during the self-assembly pro-
cess. These defects are then transferred to the GaN wafer
during etching, affecting the optical properties of the PhC,
which is investigated and reported in this section.

The nanospheres were shrunk with a CHF3-based etch
recipe which targets SiO,. Figure 10 plots the diameters of
nanospheres as a function of etch durations. The etching pro-
cess also induces dimensional nonuniformity among spheres.
Initially the 192 nm diameter spheres self-assemble into a
monolayer with high uniformity (=2 nm). Once the etch
duration exceeds the seventh minute, the sphere shrinks rap-
idly. The rate of shrinkage increases further after the twenty-
fifth minute. Nevertheless, with increasing etching duration,
the variation in diameters between spheres gradually en-
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FIG. 10. (Color online) Plot of normalized diameter of nanosphere vs etch
duration.

larges. When the diameters of spheres are below one-third of
their original values, the variation becomes significant and
causes poor uniformity (*8), as shown in Fig. 11. Therefore,
there is a limit on the extent of shrinkage that can be toler-
ated. When the pattern is transferred to the GaN wafer, nano-
pillar arrays with poor uniformity of diameters are unfavor-
able for establishing a well-defined PBG.

To illustrate the effect of nonuniformity qualitatively,
finite-difference time-domain (FDTD) simulations were car-
ried out to predict the field distribution when a continuous
wave at 440 nm was emitted from the center bottom position
from arrays of nanopillars with different packing orders. Fig-
ure 12(a) shows the simulation result for an ideal air-spaced
nanopillar array with diameter/pitch/height of 140 nm/192
nm/350 nm, whereby lateral propagation of light is obviously
suppressed; based on the simulated band diagram a PBG is
indeed predicted between ~436 and 455 nm, correlating well
with the FDTD simulated results. However, the presence of
defects and nonuniformities disrupts the orderliness of the
PhC. As a result, losses and scattering effects are superim-
posed upon the PBG, the degree of which depends on the
extent of defects. A simulation was then performed on a dis-
ordered array of nanopillars whereby randomly selected pil-
lars with height of 350 nm have been shifted from their equi-
librium positions. At the same time, the diameters of
nanopillars in the array range between 130 and 150 nm; such
a “defective” array bears close resemblance to an actual fab-

FIG. 11. FE-SEM image demonstrating poor dimensional uniformity of
spheres due to excessive etching.
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FIG. 12. (Color online) Computed FDTD results for (a) a perfect PhC structure comprising regular air-spaced nanopillars, (b) a PhC structure with defects,

and (c) a close-packed nanopillar array.

ricated array under worst-case conditions. The results of this
simulation are shown in Fig. 12(b). The introduced defects
interrupt the periodic order causing some degree of scatter-
ing. The incident source is now partially reflected and par-
tially transmitted by the array due to the presence of leakage
modes. This also explains why the measured transmission
dips are Gaussian in profile, instead of being abruptly sharp.
To complete the picture, an FDTD simulation was also per-
formed on a closed-pack 192 nm nanopillar array as illus-
trated in Fig. 12(c). The wave is allowed to propagate freely
through the array in the absence of a PBG. Comparing the
three presented scenarios, one can conclude that the air-
spaced nanopillar structure proposed in this work behaves as
a leaky PhC, comprising a superposition of defect leakage
modes upon PBG confinement modes. In spite of imperfec-
tions, its effectiveness on enhancing light extraction from
GaN materials is well demonstrated, especially in consider-
ation of the ease and cost of the self-assembled nanoscale
patterning process.

IV. CONCLUSION

In summary, the fabrication of ordered hexagonal array
of air-spaced nanopillar on GaN wafers by NSL has been
demonstrated. Employing a dual-step dry etch process, the
dimensions of the nanopillars in an array can be adjusted
without altering their pitch; at the same time, PBG properties
of the self-assembled nanostructures can also be modified.
The positions of the PBG were identified by optical trans-
mission measurement, correlating well with the prediction of
PWE stimulations. A maximum fourfold increase in PL in-
tensity was observed compared to an as-grown sample, de-
pending on the overlap between the PBG with the emission
band. Despite the presence of leakage modes due to defects,
we have demonstrated the effectiveness of the self-

assembled PBG structures in suppressing unwanted guiding
modes and promoting light extraction efficiency.
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