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Nanosphere lithography with mono-sized nanospheres has been employed as a patterning tool of nanostructuring to
achieve phosphor-free white-light emission in this study. Nanostructuring of InGaN/GaN quantum wells induces spec-
tral blue-shift due to strain relaxation, the extent of which depends on the sizes of the nanopillars. Nano-clusters of
various sizes are formed as a result of random clustering of the mono-sized nanospheres, so that the clusters emit
at different wavelengths as they are strain-relaxed to different levels. A Monte Carlo simulation has been employed
to simulate the clustering patterns, while molecular dynamics and k - p Schrodinger calculations have been carried
out to identify the appropriate nano-cluster distribution for phosphor-free white-light emission. The fabricated device
achieves a CRI of about 76 with overall luminous efficacy of 2.6 Im/W under DC operation and 11.0 Im/W under pulsed

operation.

InGaN-based light-emitting diodes (LEDs) are widely used
for lighting due to their high energy efficiencies and long
lifetimes. LED lamps typically emit white light by combin-
ing blue light from InGaN LEDs with yellow light from a
color-converting material such as phosphor. While lamps us-
ing such color conversion approaches are already more en-
ergy efficient than incandescent and gas-discharge light bulbs,
unavoidable conversion losses as well as degradation of the
color-converting material lowers the overall efficiencies and
lifetimes of the lamps. Lamps not requiring color-converting
materials, or phosphor-free white-light LEDs, would be an
feasible solution for alleviating such problems’.

There have been numerous reports on different approaches
towards attaining phosphor-free polychromatic emission, in-
cluding the stacking of multi-quantum wells (MQWSs) of dif-
ferent emission wavelengths®>~, incorporating a second set of
MQWs for color conversion®, the growth of quantum dots®,
nanowires and nanopillars’ as well as the top-down fabri-
cation of nanopillars®. The bottom-up growth approaches
typically involve adjusting the properties of the MQWs, es-
pecially on the Indium content, to enable multi-wavelength
emission. Nevertheless, the internal quantum efficiency (IQE)
of such structures may be compromised when compared to
conventional LED structures. On the other hand, devices
adopting the top-down fabrication approach benefit from the
higher IQEs of optimized conventional LED structures as well
as enhanced light extraction efficiencies, albeit with poten-
tial plasma-induced damages to the etched sidewalls that can
be minimized by wet etching®. Phosphor-free polychromatic
light emission using top-down fabricated nanopillars is based
on strain relaxation of the MQWs consequential of nanos-
tructuring, which in turn spectral-shifts the emission towards
shorter wavelengths of emission (blue-shift) due to a reduc-
tion in the Quantum Confined Stark Effect (QCSE)!%!. To
achieve multi-wavelength emission, nanopillars of different
dimensions have to be fabricated monolithically on the same
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chip to induce strain relaxation to different extents!?, which
can be accomplished conveniently by nanosphere lithography
especially for rapid prototyping®. For white-light emission,
challenges involving fine adjustments of nanopillar dimen-
sions in the correct ratios need to be overcome. Such nanopil-
lars can also be patterned by electron beam lithography!3
with high precision, albeit with lower throughput and cost-
effectiveness. In view of such considerations, a mono-sized
nanosphere approach is proposed to realize a phosphor-free
white-light LED comprising nanopillars of multiple dimen-
sions making use of the random clustering effect. The mono-
sized nanosphere patterning process has been designed with
the aid of molecular dynamics simulations and Monte Carlo
simulations. The nanosphere coating recipe is developed
based on the simulated parameters, and a nanopillar LED has
been fabricated. The optical and electrical properties of the
fabricated device is comprehensively characterized.

In order to optimize the design of the nanopillar array,
the relationship between nanopillar diameter, strain relaxation
and spectral shift needs to be clarified. 2D molecular dynam-
ics simulations of nanopillars with diameters ranging from
10 nm to 200 nm are performed by LAMMPS following the
approach taken in our previous studies on the strain relax-
ation mechanisms of micropillars'* and the design of strain-
inducing nanopillars for spectral red-shifting!®>. The active
region is implemented with 9 pairs of InGaN/GaN MQWs
with thicknesses of ~3.6 nm (7 atomic layers) for the InGaN
wells with 25% Indium content and ~13 nm (25 atomic lay-
ers) for the GaN barriers, in accordance with the parameters
of the wafer used to fabricate the device, as estimated from the
cross-sectional TEM images and EDX data. Fig. 1(a) plots the
simulated percentages of strain relaxation averaged across all
positions inside the quantum wells for the nanopillars of dif-
ferent diameters. The strain relaxation is calculated utilizing
the mappings of in-plane strain, i.e., the strain field perpendic-
ular to the growth direction [0002], as illustrated in Fig. 1(b).
Using these values of strain relaxation, the spectral shifts can
be estimated using k - p Schrodinger calculations!*13.

As shown in Fig. 1(a), it is apparent that the strain relax-
ation and thus the spectral blue-shift increases exponentially
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FIG. 1. (a) Simulated average strain relaxation in MQWs and corre-
sponding spectral shift, and (b) simulated in-plane strain fields of the
MQW region in nanopillars with diameters of 10 nm, 100 nm and
200 nm.

as the nanopillar diameter decreases. The strain relaxation in-
creases significantly as the diameter drops below 50 nm, as the
strain is most relaxed within a 20 nm region near the sidewalls,
as illustrated in Fig. 1(b), similar to our observations of rela-
tive spectral shift effect in our previous studies!'*. Given that
the PL emission wavelength of the as-grown wafer is 600 nm,
the nanopillar should be at most 50 nm in diameter so that the
439% strain relaxation can cause a spectral blue-shift of around
114 nm, hence emitting at a wavelength of 486 nm. For green
light emission, a nanopillar with a diameter of 200 nm emit-
ting at 529 nm would suffice.

While both green and blue light emissions can be achieved
with nanopillars over a relatively small range of sizes, red
light emission would require active regions of larger dimen-
sions (> 1 um?) in order to retain the high levels of strain in
MQWSs. The natural clustering effect of nanosphere lithogra-
phy, which is usually flagged as a disadvantage for other pur-
poses requiring highly-ordered nanostructures such as pho-
tonic crystals, can actually be exploited to form nanostructures
of non-uniform sizes using only mono-sized nanospheres.
A Monte Carlo simulation has been conducted to simulate
the distribution of nano-clusters formed by dispersing differ-
ent amounts of nanospheres to emulate the effect of varying
nanosphere concentrations in the nanosphere lithography pro-
cess. In the simulation, different numbers of 150 nm-diameter
nanospheres, ranging from 1000 to 5000, are dispersed across
a 10 pm x 10 um x 500 nm region without overlapping ,
with each case being repeated 50 times. The 2D projection of
the nanospheres, which essentially is the pattern formed after
etching as illustrated in Fig. 2(b), is measured and statistically
plotted, as shown in Fig. 2(a).

Fig. 2(a) shows the average distribution of nano-clusters as
estimated by the Monte Carlo simulations. The x-axis repre-
sents the sizes of nano-clusters formed, which is represented
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FIG. 2. (a) Results of Monte Carlo simulation of nanosphere clus-
tering, and (b) the corresponding examples of randomly-distributed
nanosphere clusters generated within a 10 yum x 10 pm region, as
denoted by the black boxes.

by either the area Apano—cluster» OF the “equivalent nanopillar di-
ameter” Dyanopillar = 24/ Anano—cluster/ 7 for referencing to the
data of Fig. 1(a). The y-axis corresponds to the summed emis-
sion area, which is the summation of the areas of all nano-
clusters of that particular dimension as specified on the x-axis.
As can be seen, clustering rarely occurs when the concen-
tration is low (1000 nanospheres/ 100 um?). At higher con-
centrations, clustering occurs with cluster areas ranging from
0.018 um? to 0.785 um?2, or 150 nm to 1000 nm of “equiv-
alent nanopillar diameter”. Above concentrations of 5000
nanospheres/ 100 um?, the entire area is covered in one big
cluster (not shown in graph). To achieve white-light emis-
sion, the size distribution of the nanosphere clusters should
cover a wide range of “equivalent nanopillar diameter”, cor-
responding to 3000 — 5000 nanospheres/ 100 um? according
to Fig. 2(a). Given that 20 uL of nanosphere solution is dis-
persed onto a 15 mm X 15 mm sample during device fabri-
cation, the corresponding nanosphere concentration required
would be about 1.6 — 2.6 mg/cm?. Note that nanospheres with
diameters of 150 nm are used both in the experiments and in
the Monte Carlo simulation as silica nanospheres with diam-
eters of less than 150 nm do not provide sufficient etch selec-
tivity for etching through the MQWs. To further shrink the
nanopillars for blue-light emission, additional wet etching is
required.

The nanostructures are top-down fabricated on a metal-
organic vapour-phase epitaxy (MOVPE) grown wafer on a c-
plane patterned sapphire substrate. The structure consists of a
5 pum-thick undoped-GaN buffer layer, a 1.7 um-thick n-GaN
layer, 9 pairs of InGaN/GaN quantum wells, a 70 nm-thick
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FIG. 3. Schematic diagrams depicting the fabrication process flow of
the nanopillar LED, comprising of (a) coating of nano-clusters with
mono-sized nanospheres, (b) ICP etching using the nano-clusters as
mask, and (c) wet etch, oxide passivation and planarization by SOG
with subsequent etch-back. (d), (e) and (f) show the corresponding
SEM images of (a), (b) and (c), respectively. The scale bars in the
SEM images are 500 nm. (g) A CCD image showing the fabricated
device under operation (scale bar is 50 um long). (h) shows the sta-
tistical size distributions of nanopillars as extracted from the SEM
images. (i) shows p-EL spectra collected from different locations
across the emission region.

p-GaN spacer, an AlGaN/GaN electron blocking layer (EBL)
and capped with a 330 nm-thick p-GaN layer. A 190 nm-thick
ITO current spreading layer is deposited over the p-GaN layer.
The fabrication process flow is illustrated in Fig. 3(a)-(c).

A 75 nm-thick Ni mask is first deposited onto the wafer

to define the 250 um by 250 um emissive regions of the
LEDs. Silica nanospheres with diameters of 150 nm are then
spin-coated onto the sample, followed by inductively coupled
plasma (ICP) etching for pattern transfer to form nanopillars
and nano-islands within the emissive regions. The sample
is then dipped into a 95°C AZ400K solution for wet etch-
ing, so that the smallest-sized 150nm nanopillars are fur-
ther shrank to ~50nm for blue-light emission. Subsequently,
the nanostructures are passivated by deposition of SiO; by
plasma-enhanced chemical vapor deposition (PECVD). Spin-
on-glass (SOG) is spin-coated onto the sample followed by
reactive ion etching (RIE) for planarization. Finally, a current
spreading layer of Ni/Au (5Snm/5nm) is deposited over the pla-
narized nanostructures, followed by deposition of Ti/Al/Ti/Au
(30nm/100nm/30nm/30nm) as contact pads.

Fig. 3(d)-(f) show scanning electron microscope (SEM) im-
ages of the fabricated nanostructures at different stages of fab-
rication. As shown in Fig. 3(d), the nanosphere coating pattern
is similar to that predicted by Monte Carlo simulation shown
in Fig. 2(b), with a bit more clustering due to the natural
close-packing effect of the nanospheres. Fig. 3(e) shows the
nanopillars formed after ICP etching through the nanosphere
pattern, comprising of both individual nanopillars as well as
nano-islands due to nanospheres clustering. The size distribu-
tion of the nanopillar/ nano-clusters, as extracted from SEM
images of the sample surface before wet etching, is shown in
Fig. 3(h), for comparison with the simulated data in Fig. 2.
The resulting active region is estimated from the SEM image
to be 32.4% of the original emissive region.

Optical measurements are conducted using a radiometri-
cally calibrated system, comprising a 4 inch-diameter Lab-
sphere integrating sphere that is optically coupled to a spec-
trometer (Ocean Optics USB4000) through an optical fibre.
Fig. 4 shows typical emission spectral characteristics of the
phosphor-free nanopillar LED, together with that of an as-
grown LED, driven at 3V to 4.5V. The electroluminescent
(EL) spectrum of the nanopillar LED appears similar to that
of a conventional phosphor-coated LED, with two major emis-
sion bands: a blue peak centered at around 454 nm — 468 nm
and a green/yellow peak centred at around 545 nm — 569 nm,
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FIG. 4. EL spectra of the phosphor-free white LED and the as-grown.
Insets show photographs of the packaged devices operated at 20 mA
and 1 mA respectively.
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while the as-grown LED has an emission peak centered at
around 608 nm — 642 nm.The centre wavelengths are voltage
dependent due to band filling effects. The blue peak can be
attributed to emission from individual nanopillars and small
nano-clusters which exhibit large spectral blue-shifts due to
strain relaxation. As the band filling effect is less pronounced
for the strain-relaxed nanopillars and smaller nano-clusters,
their emission converge to form the blue spectral peak with in-
creasing currents. The green/yellow peak has a broader spec-
tral width which can be attributed to a mixture of emission
from the diverse range of sizes of nano-islands due to clus-
tering. As a larger ratio of surface area is exposed, the wet
etch has a more pronounced effect on individual nanopillars
than on the nano-islands. As shown in Fig. 3(f), the diame-
ters of the individual nanopillars are reduced to around 50 nm
after the wet etch, while the sizes of the nano-islands are less
affected, opening up a gap in size distribution and thus the
two prominent spectral peaks. Fig. 3(g) is microphotograph of
the nanopillar LED operated at a bias voltage of 3.8V, show-
ing emission at different colors from different regions of the
emissive region mixing into white-light emission. p-EL spec-
tra collected at different locations of the emissive region us-
ing a lensed fiber (WT&T CL5) with a focus spot of 1 um
are shown in Fig. 3(i), illustrative of the emission wavelength
variations across the device. The color characteristics of the
device is demonstrated in the CIE color chromaticity diagram
of Fig. 5(c), with the whitest point at the CIE coordinate of
(0.30, 0.35) at a bias voltage of 3.94V. The phosphor-free
nanopillar LED achieves a Color Rendering Index (CRI) of
around 76 and a overall luminous efficacy of 2.6 Im/W at a
DC bias voltage of 3V (current of 6 mA); both parameters
drop gradually with increasing voltage, owing to an increase

in intensity of the blue spectral peak due to band filling effect.
The performance of the LED improves under pulsed op-

eration as plotted in Fig. 5(a), suggesting that there is room
for improvement with improved heat sinking. A maximum
overall luminous efficacy of 11.0 Im/W can be achieved when
the LED is driven with 600 ns 3V pulses at a frequency of
150 kHz. As shown in Fig. 5(b), the optical output power
of the nanopillar LED is ~31.8% of the as-grown LED at a
voltage of 3V; given that the summed area of the nanopillars
is 32.4% of the as-grown, their areal power densities are on-
par with each other. As the voltage increases, the gap in op-
tical power narrows down to about 61.8% at a bias voltage
of 4.5V, suggesting that the nanopillar LED experiences less

droop effects!.
The performance of this phosphor-free white LED is on

par with the device reported in Ref. 3, which demonstrated
an overall luminous efficacy of 7.92 Im/W and a CRI of 80
under DC operation. It is envisaged that the performance
of the device can be further improved with increasing IQEs
of long wavelength-emitting wafers!”. The performance can
also benefit from increased packing densities of nanopillars
to retain most of the active region; this may be accomplished
by replacing the silica nanospheres with metallic nanospheres
which have higher etch selectivity, so that nanospheres with

smaller dimensions can be used.
In summary, a phosphor-free white-light LED fabricated

by nanosphere lithography with mono-sized nanospheres is
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FIG. 5. (a) CRI and overall luminous efficacy of phosphor-free
white-light LED at different bias voltages measured under DC and
pulsed operations, (b) Optical output powers of phosphor-free white-
light LED and the as-grown LED with respect to bias DC voltages,
and (c) CIE chromaticity diagrams plotting the CIE coordinates of
the phosphor-free white-light LED under different operating condi-
tions. The black line with triangular markers corresponds to the data
in this work, while the purple and orange lines correspond to data
from previous studies by Feng et al.® and Chung er al.13, respec-
tively. (d) shows the IV curve of the device.

demonstrated in this work. The extent of spectral shift ex-
perienced by the InGaN/GaN quantum wells depends on
the nanopillar diameter as determined by molecular dynam-
ics simulations and k- p Schrodinger calculations. The
nanosphere clustering pattern is designed with the aid of
Monte Carlo simulations for achieving white-light emission
from the nano-pillar LED. Phosphor-free white-light emis-
sion from the nano-pillar LED is demonstrated with a CRI
of up to 76 and an overall luminous efficacy of 2.6 Im/W and
11.0 Im/W under DC and pulsed operations respectively.
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