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Abstract: A 2D dielectric grating produced by photolitho
graphy was employed as a microlens array (MLA), which
was based on a smooth surface and a shape that may be
defined roughly as a hemisphere of each lattice. Such a
2D MLA can focus an incident ultraviolet light beam into
a matrix of light spots, which were estimated to be as
small as 500 nm in diameter. Using a thin layer of pho
toresist (PR) to record the pattern of the focusing spots,
we achieved an approximately inversed structure of peri
odically arranged holes in PR in submicron sizes. Filling
these holes with gold using chemically synthesized col
loidal gold nanoparticles produced a plasmonic grating
consisting of gold nanoparticles larger than 580 nm in
average diameter. Localized surface plasmon resonance
in both first and second orders was observed, which was
verified by the spectroscopic response and theoretical
simulations. MLA can be thus repeatedly used as a mas
ter to produce plasmonic photonic structures with high
reproducibility.
Keywords: dipolar and quadrupolar plasmons; localized
surface plasmons; metallic photonic structures; microlens
array; photolithography.

1 Introduction
Microlens array (MLA) has been widely used in light col
lection and imaging techniques, such as those in chargecoupled devices [1–3], optical fiber coupling [4, 5], and
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light beam shaping [6, 7]. More importantly, MLAs can also
be used as a powerful tool for the fabrication of photonic
structures because they can focus the incident light beam
into tiny spots with periodical distributions, thus trans
ferring the patterns into dielectric or metallic materials
on different substrates. Spherical or aspheric MLAs have
been produced using ultra-precision diamond cutting [8,
9], surface manipulation by electrostatic field [10–12],
grayscale mask lithography [13, 14], and femtose
cond
laser-induced two-photon polymerization techniques [15].
However, these methods are complex or high cost, have
a long fabrication cycle, or are very limited in the fabri
cation scale. Simple techniques with high reproducibil
ity are always expected to achieve large-scale arrays of
microlenses.
Photolithography using an optical mask [16, 17]
and interference lithography using multiple laser
beams [18–20] took important roles in the techniques for
micropatterning and nanopatterning. A large variety of
methods have been reported in the fabrication of dielectric
[21] and metallic [22, 23] photonic nanostructures using
such optical methods. In this work, we demonstrated that
photolithography can also be used to produce smooth and
curved surfaces on the micropatterns or nanopatterns,
which enable light focusing on each lattice site or function
as MLAs. Furthermore, we used MLA to pattern a periodic
nanohole array. Filling the nanoholes with gold nanopar
ticles [24, 25], we achieved plasmonic photonic structures.
This simple fabrication method enables the production of
reusable MLAs and large-area patterning of dielectric and
metallic photonic structures with high reproducibility.

2 Fabrication methods
2.1 MLA by photolithography
The fabrication procedures for MLA and 2D plasmonic
structures are illustrated in Figure 1A–G. A positive pho
toresist (PR; S1805, Rohm and Haas Electronic Materi
als Ltd., Sasakami, Japan) was first spin coated onto
This work is licensed under the Creative Commons Attribution-
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Figure 1: Procedures for constructing the microlens array and the plasmonic gratings via the intermediate single-beam photolithography.
Fabrication procedures: (A and B) two-stage photolithography for the fabrication of a 2D MLA, (C) schematic illustration of the 2D MLA,
(D) single-beam photolithography using MLAs, (E) schematic illustration of the 2D nanohole gratings, (F) spin coating of colloidal gold
nanoparticles, and (G) annealing at 500°C to produce plasmonic gold nanoparticles.

a glass substrate at a speed of 1500 rpm for 30 s, where
the 1-mm-thick glass substrate was coated with a layer
of 200-nm-thick indium tin oxide (ITO). The conductive
ITO layer is important because it facilitates convenient
and better scanning electron microscopy (SEM) measure
ments. Moreover, in the solution-processed fabrication of
the plasmonic structures, the colloidal solution of gold
nanoparticles wets the ITO surface much better than the
glass and PR. This is important for confining colloidal
gold nanoparticles into the PR holes bottomed with ITO.
Photolithography employing a ultraviolet (UV) light beam
at 365 nm and a mask grating structure with a period of
10 μm produced a PR grating, as illustrated in Figure 1A
and B. The mask grating consists of periodically arranged
gold thin-film strips with a width of 5 μm and a length
of 50 mm. For the fabrication of a 2D grating, we rotated
the mask by 90° after the first exposure and performed a
second exposure using the same exposure dose. Thus, we
obtained a 2D PR grating with a period of 10 μm and a total
area of 15 × 15 mm2. Due to the intensity distribution of the
interference fringes and the solution-processed develop
ment process, each lattice of the 2D grating is roughly
in the shape of a hemisphere. Thus, we used each hemi
spherical lattice of the 2D PR grating as a microlens, and
the 2D grating is a MLA, as shown in Figure 1C. Due to the
limitations of light propagation diffraction, the gratings
are approximately sinusoidally distributed and resemble
a lens in shape.
Figure 2A shows the 3D topographic image of the pro
duced MLA, which was measured using a NanoMap-1000
WL1 Dual Mode 3D Profilometer from AEP Technology,

Figure 2: Microscopic characterization of the microlens array.
(A) 3D topographic image and (B) cross-sectional profile of MLA.

Santa Clara, CA, USA. Figure 2B shows the height distribu
tion at a cross-section profile marked by a dashed line in
Figure 2A. In Figure 2, we may measure an average height
of 1.1 μm and a bottom diameter of 4.9 μm for each micro
lens. Thus, the curvature radius of each sphere is about
3.28 μm. The focal length of such a microlens can be cal
culated by f = R/(n − n0), where R is the curvature radius, n
is the refractive index of PR (n ≈ 1.68), and n0 is the refrac
tive index of air (n0 = 1). The average focal length of the
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microlens is 4.82 μm. Apparently, the focus of such micro
lenses is outside the bodies of the microlenses, which
enables direction photolithography into nanostructures
using this MLA.

2.2 S
 ingle-beam photolithography of 2D
nanohole grating by MLA
A single-beam photolithography employing a UV laser
beam at 343 nm and MLAs in Figure 2 was used to write PR
gratings, as shown in Figure 1D. The average power of the
UV laser was about 13 mW. The PR (S1805) was spin coated
onto a glass substrate at a speed of 2000 rpm for 30 s to
produce the PR film. According to the structural para
meters of the microlenses, the focus was located about
4 μm above the surface of the microlens body. Thus, we
were able to fabricate a 2D nanohole grating with a period
of 10 μm in the positive S1805 PR film after the exposure
and development procedures, as illustrated in Figure 1E.

Figure 3 shows the fabrication results of the 2D nano
hole grating. Figure 3A is an observation under an optical
microscope, which indicates a clear image of the nano
hole grating with a period of 10 μm. Figure 3B shows the
SEM image of the cross-sectional profile of the 2D nano
hole grating, with the inset presenting an enlarged view of
a single hole. The nanoholes have a depth of about 775 nm
and a diameter of about 870 nm. The size of the nanoholes
may be increased by increasing the exposure time.

2.3 C
 omparison between fabrications using
different periods of the mask grating
We have also tried different periods of the mask grating
in the fabrication of MLA. Figure 4 shows a comparison
between fabrications using mask gratings with periods of
10, 20, and 40 μm. Clearly, when the period was increased
to 20 and 40 μm, the structure on each lattice has a flat
top surface, which is not suitable for the construction of

Figure 3: Microscopic characterization of the nanohole grating.
(A) Optical microscope image and (B) SEM image of the cross-sectional profile of the 2D nanohole grating.
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Figure 4: Microscopic performance of the PR gratings with different periods.
Comparison between the 3D topographic images of the 2D PR grating fabricated by photolithography using a mask grating with a period of
(A) 10 μm, (B) 20 μm, and (C) 40 μm. The corresponding height distribution on the cross-sectional profile is shown in (D–F), respectively.
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microlenses. For smaller periods of the mask grating, the
focal length of the resultant microlens will also become
smaller, which leads to more difficulties in the subsequent
fabrications of the hole structures using exposure to the
focusing spots of the microlenses. Therefore, the period
of 10 μm can be taken as an optimized value for the mask
grating.

2.4 M
 etallization of the 2D nanohole grating
Colloidal gold nanoparticles with a diameter of 5–10 nm in
xylene with a concentration of 100 mg/ml was spin coated
onto the 2D nanohole gratings. Due to the confinement mech
anisms based on the surface tension difference between PR
and ITO substrate and a natural confinement by the hole
structures, the colloidal solution tends to flow into the holes
during the spin-coating process. In a subsequent annealing
process in a Muffle furnace, the temperature was increased
from room temperature to 500°C and held for about 20 min.
Then, the sample was cooled down to room temperature after
the furnace was switched off. The high-temperature anneal
ing has removed both the ligands on the surfaces of the gold
nanoparticles and the PR template grating. Meanwhile, the
gold nanoparticles were molten and aggregated to form large
particles sitting at the bottom of the holes.
Figure 5 shows the SEM image of the gold nanoparticle
array after the annealing process, where the inset shows an
enlarged view of a single gold nanoparticle. Gold nanopar
ticles with a diameter of about 580 nm have been produced.
Clearly, smaller gold nanoparticles have also been produced
surrounding the larger ones. These smaller ones were pro
duced mainly by the small amount of gold nanoparticles

Figure 5: SEM image of the gold nanoparticle array.
Inset: enlarged view of a single gold nanoparticle.

remaining on the PR surface outside the holes after the spin
coating of the colloidal solution. Furthermore, the majority
of the gold was molten in the center of the hole and has
pulled the surrounding gold together. However, there is an
effective interaction length for the molten gold. Therefore,
there exists a gap between the center large gold nanoparti
cle and the surrounding smaller ones.
Although we demonstrate the fabrication of gold
nanoparticle grating structures with a period as large as
10 μm in Figure 5, we can reduce the period by performing
multiple exposures with MLA moved to a different posi
tion for each exposure. However, we should also consider
the limitation by the resolution of the mask grating, the
thickness of the PR, and the diffraction of the UV laser
beam in each step of the fabrication process. Neverthe
less, it is possible to achieve a period as small as 2 μm for
the 2D gratings.

3 P
 lasmonic performance of the 2D
gold grating
3.1 O
 ptical spectroscopic response
Figure 6A shows the measurements on the transmissive
optical extinction spectrum of the 2D gold nanoparti
cle grating, where a U-4100 UV-visible-near infrared (IR)
spectrophotometer from Hitachi (Tokyo, Japan) has been
employed in the measurement. The inset shows an enlarged
view of the spectrum in the IR. Two extinction peaks can
be observed at about 583 and 1300 nm. Considering the
large size of the gold nanoparticles, which is even larger
than 580 nm in diameter, we have to consider the higher
orders of plasmonic resonance. The resonance spectrum
in the IR with a center wavelength of 1300 nm is obviously
the first-order plasmon of the gold nanoparticles, which
corresponds to a dipolar plasmon and has a bandwidth at
full-width at half-maximum of roughly 450 nm. Due to the
small duty cycle of the grating structures, the amplitude of
the optical extinction spectrum is very small in the IR. The
other feature in the visible with a peak wavelength of about
583 nm mainly resulted from a second-order process or a
quadrupolar plasmon, which has a much narrower reso
nance spectrum with a bandwidth of 150 nm.
In fact, the resonance spectrum in the visible can be
fitted by multiple components, as shown in Figure 6B.
Three components peaked at 505, 571, and 616 nm enabled
a perfect fitting to the measurement data. A big mismatch
at wavelength shorter than 500 nm can be observed,
which resulted from the interband absorption by gold.
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Figure 6: Spectroscopic characterization of the plasmonic grating.
(A) Measurement of the transmissive optical extinction spectrum of
the 2D gold gratings. Inset: enlarged view of the spectrum in the IR.
(B) Multipeak fitting to the measurement data in the spectral range
from 450 to 800 nm using Gaussian functions.

The spectral component peaked at 505 nm resulted mainly
from the optical extinctions by the small gold nanoparti
cles in the environment of the large ones and the other two
at 571 and 616 nm can be assigned as optical extinction
by higher-order plasmon resonance. It is understandable
that these two visible resonance spectra also have contri
butions from the small gold nanoparticles surrounding
the big ones. This can be understood better by looking at
the big overlap between the three spectral components
in the simulation in Figure 6B. The different orders of
the plasmonic process can be verified by the simulation
results in Figure 7A–C, where we show the distribution of
charge carrier density on the left and that of the optical
electric field on the right. Clearly, first-order or dipolar
plasmon was excited at 1300 nm, whereas second-order
or quadrupolar plasmons were excited at 560 and 620 nm,
implying a strong scattering of green and red colors in the
visible spectral range.
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Figure 7: Theoretical analysis on different orders of the plasmons.
(A–C) Calculated charge density (left) and optical electric field
(right) distribution for the gold nanoparticles at 1300, 560, and
620 nm, respectively. Left: red and blue colors represent positive
and negative charges, respectively, and the positive and negative
numbers on the color bar represent the relative values of charge
densities for the positive and negative charges, respectively. Right:
red and blue colors represent the higher and lower intensities of the
optical electric field, respectively, and the numbers on the color bar
represent the relative intensity values of the optical electric field.

3.2 Dark-field observation
Figure 8 shows the dark-field optical microscopic image
of the gold nanoparticle grating structures in Figure 5. A
Nikon Eclipse LV 100 ND microscope (Nikon, Tokyo, Japan)
equipped with a 50 W halogen lamp was used to take the
dark-field image. The colors of the scattered light resolve
differently resonant plasmons. The sizes and shapes of
the nanostructures have influenced significantly the scat
tering light color and intensity.
As shown in Figure 8A, the strongest scattering of light
can be observed at each lattice consisting of a large gold
nanoparticle surrounded by a number of smaller ones. The
bright green color in the halo ring resulted mainly from the
scattering by the small gold nanoparticles. This can also be
verified by the comparison between Figure 8B and C.
Both green and red colors can be observed in the
center area of the large gold nanoparticles, as shown
in Figure 8C, which agrees well with the spectroscopic
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at the focuses of the microlens, we were able to produce
a 2D nanohole grating with a modulation depth as large
as 775 nm, which is the same as the thickness of the PR
film. Such a nanohole grating has been used as a template
for fabricating a plasmonic grating of gold nanoparticles,
where a solution-processed method was employed by
filling the nanoholes with colloidal gold nanoparticles and
annealing the sample at 500°C. Because the resultant gold
nanoparticles have a diameter as large as 580 nm, both
first- and second-order plasmonic resonances have been
measured in the spectroscopic response. Thus, the optical
extinction spectrum extends largely from the visible to the
IR. This fabrication technique may be applied in devising
plasmonic sensors, optical switches and filters, or pho
tonic structures with optical response in the IR.
Acknowledgments: The authors acknowledge the
National Natural Science Foundation of China (NSFC
grants 61735002, 11574015, and 11434016) and the Bei
jing Key Lab of Microstructure and Property of Advanced
Materials for the support.
Figure 8: Optical dark-field characterization of the plasmonic
gratings.
(A) Dark-field optical microscopic images for the sample in Figure 5
and (B and C) correspondence between SEM and optical microscopic
dark-field image of a single lattice. Green (G) and red (R) colors can
be observed in different areas surrounding and in the center of the
gold nanoparticle.

response featured by the spectrum with peak wavelengths
at 571 and 616 nm. This response spectrum mainly covers
the green and red spectral ranges, which has large contri
butions from the second-order process of the plasmon res
onance depicted in Figure 7B and C. In particular, green
color can be observed in the center area of the gold nano
particle, as shown in Figure 8C, agreeing with the simula
tion result in Figure 7B for the quadrupolar plasmon. It is
understandable that the first-order resonance mode in the
IR cannot be observed under the microscope.

4 Conclusions
We demonstrated a simple and flexible technique for pro
ducing MLAs and the applications of them in patterning
dielectric and metallic photonic structures. A large-area
MLA was produced by single-beam photolithography
using a mask grating of gold thin-film strips with a period
of 10 μm. Exposing a PR thin-film to the UV laser spots
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