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ABSTRACT: Three-dimensional finite-difference time-domain simula-
tion (FDTD), using both a single sphere model and a period model, were
performed to study the size effect of colloidal spheres on the ordered pore
array generated by spherical-lens photolithography (SLP). The size of the
spheres ranged from just above the exposure wavelength to micron scale.
A complex pattern consisting of a large and six surrounding tiny circular
pores was obtained when the size of colloidal spheres increased to 2 μm,
which was much different from the reported sole circular pore. The
validation of simulation based on the period model was further verified by
the experimental results. Large-area and ordered sexfoil pore arrays were
observed when using 2 μm colloidal spheres monolayer as a microlens
array. The slight difference between the simulation and the experiment
results was attributed to the bleaching of the exposed photoresist. Sexfoil-
shaped patterns have enriched the morphology of pore arrays generated by SLP, which may find applications in various
technologically important areas.
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Ordered and periodic pore arrays have attracted a great
deal of interests due to their wide applications in areas

such as surface-plasmon resonance sensors,1−4 photonic
devices,5,6 memberanes,7−9 chemical sensors,10−12 nanocon-
tainers,13−16 and biosensors.17−19 A number of fabrication
techniques including conventional photolithography,20 focused-
ion-beam lithography,21,22 X-ray lithography,23 electron-beam
lithography,24,25 nanoimprint lithography,26,27 and UV-interfer-
ence lithography28 have been proposed. Although these
approaches can be used to produce highly ordered pore arrays
with uniform shape and size, either low-throughput or high-cost
has limited their practical application especially in fabrication of
large-area ordered pore arrays. Spherical-lens photolithography
(SLP), first proposed by Wu et al.29,30 and subsequently
developed by other groups,31−36 has been recognized as an
inexpensive, inherently parallel, high-throughput approach to
the creation of periodically ordered pore arrays with a large
area. In a typical procedure, a monolayer of self-assembled
colloidal spheres is deposited on a photoresist (PR) layer and
serves as a lense array to focus the UV light to locally expose
the PR. After development, a two-dimensional (2D) periodic
pores array is formed on the PR. Consequently, the pore
pattern can be transferred to the desired substrate beneath the
PR layer for device construction by using wet/dry etching,37−42

metal/dielectric deposition,35,43 or selective area epitaxy.44,45

Besides 2D periodic pore array, complex three-dimensional
(3D) patterns could also be readily achieved by using SLP.

Recently, Chang et al.46 presented a 3D nanolithography
process that utilized self-assembled nanospheres to create
complex 3D nanosturctures by harnessing the Talbot field
distribution generated by a 2D nanosphere array as a phase
mask. Similary, Jeon et al.47 reported a simple and cost-effective
phase-shift lithography method for generating 3D nanostruc-
tures with a controlled lattice constant based on SLP.
For a 2D periodic pore array generated by SLP, it usually

features a hexagonal pattern since the colloidal spheres
generally arrange in hexagonal manner in a self-assembled
monolayer. Few groups have reported the hole arrays other
than hexagonal patterns. Recently, Bonakdar et al.48 proposed a
tilted exposure nanolithography technique to fabricate arrays of
complex pore patterns with a wide range of geometrical
configurations. The period of the pore array is directly related
to the size of the colloidal sphere used. The size of pore is
mainly determined by the sphere size but also affected by the
exposure intensity and duration as well as the developing
process. Thus, by manipulating the sphere size and processing
conditions, ordered pore array with tunable pore size and
period over large area can be obtained. One limitation for the
pore array lies in that the shape of the pore is exclusively
circular which is relatively monotonous. This kind of tedium in
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pore shape, however, results in a constraint to study the shape-
dependent properties of materials in case that, for example, the
resultant pore array is used to produce surface-plasmon
resonance devices. Recently, Asoh et al.38 observed that a
part of the SLP-generated pores appeared with a hexagonal
shape. They attributed the appearance of the hexagonal contour
of the pores to interference among adjacent microspheres
during exposure, but no detailed evidence was provided.
The shape of the pores depends largely on the optical

behavior of the microlens array upon focusing the incident UV
light and exposuring the PR layer. During SLP, each colloidal
sphere serves as a focusing lens. It is noteworthy that all
colloidal spheres in the monolayer actually work simulta-
neously. Optical interference might occur between the focused
light beams since the colloidal spheres are close-packed, leading
to a more complex intensity distribution of the focused light in
the PR layer. Apparently, such an effect correlates to the sphere
size. Finite-difference time-domain (FDTD) method is one of
the most common tools for simulating the optical behavior of
microlens arrays. Several studies have investigated the intensity
distribution of electromagnetic field inside a PR layer during
SLP by using FDTD simulation with a single sphere as a
model.33,35,49 Although the single sphere model could evaluate
the focusing ability of microlens easily, the interference among
adjacent spheres is neglected during simulating. Recently, a few
studies have selected a period as a model ato perform SLP
FDTD simulation.36,46 However, the size of the spheres used in
these simulations was limited to submicron scale and only sole
circular shaped pores were observed in these studies.
In the present work, 3D FDTD simulation was performed to

study the size effect of the colloidal spheres on the size and
shape of the ordered pore array generated by SLP. Both a single
sphere model and a period model were employed to investigate
the interference effect among adjacent microlens on the
morphology of the pore array. The dimension of the spheres
ranges from the nanoscale size just above the exposure
wavelength (365 nm) to the micron scale size. It was found
that a complex pattern consisting of a large and six surrounding
tiny circles was obtained when the size of colloidal spheres
increases, which is much different from the reported circular
pore. The validation of simulation was further verified by the
SLP experiment results. Sexfoil-shaped pore arrays were
observed when using 2 μm colloidal spheres monolayer as a
microlens array. The slight difference between the FDTD
simulation and the experiment results is attributed to the
bleaching of the exposed PR. Sexfoil-shaped patterns have
enriched the morphology of pore arrays generated by SLP and
may find applications in various technologically important
areas.

■ EXPERIMENTAL SECTION
FDTD Simulations. Electromagnetic simulations were

performed with the 3D FDTD method using a freely available
software package.50 The 3D computational domain involved a
silicon substrate, a 500 nm photoresist layer (n = 1.4), PS
monolayer colloidal crystal (MCC), and a thin air layer on top
of the structure. Both a single sphere model and a period model
were employed during simulation. For the period model, its
rectangular unit cell is composed of a whole and six half
spheres. The top and bottom boundaries were closed by
perfectly matched layer, and periodic boundary conditions were
applied at the side walls. The wavelength of the planar source
corresponds to the i-line (365 nm). One planar monitor

registered the light intensity at the interface between PS
spheres and photoresist, and the other planar monitor was
applied to record the cross sectional distribution of the
electromagnetic field components.

Preparation of PS MCC. Monodisperse PS colloidal
spheres of 420 nm, 900 nm, 1.5 μm, and 2 μm in diameter
with a polydispersity less than 3% were synthesized using the
emulsifier-free polymerization method.51 The PS spheres were
washed with DI water (resistivity up to 18.2 MΩ·cm, Ultra
Pure UV, China) three times by repeated centrifugation and
redispersed in DI water diluted with an equal volume of ethanol
(99.95%, Sinopharm, China). PS monolayer colloidal crystal
was fabricated by using the self-assembly approach at the air/
water interface.52−54 In a typical process, 10−20 μL of colloidal
suspension were dropped on the water surface along the inside
wall of a glass Petri dish (Φ = 8 cm). Once the suspension
contacted the water, PS spheres spread rapidly onto the water
surface. Due to the attractive capillary force and electrostatic
repulsive force between charged colloidal spheres trapped at the
air/water interface, self-assembly of the PS colloidal spheres
took place. A drop of 2 wt % sodium dodecyl sulfonate (SDS,
98%, Sinopharm, China) aqueous solution, which could modify
the water surface tension, was then added to consolidate the
self-assembled colloidal arrays into a large-area close-packed
monolayer.

Fabrication of Large-Area Ordered Pore Arrays via
SLP. The fabrication procedure is schematically illustrated in
Figure 1. After ultrasonic cleaning in isopropyl alcohol, Si

substrates were rinsed with DI water and blow-dried by
nitrogen. AR-P3120 PR (ALLRESIST, Germany) was spun-
coated onto Si substrates at 5000 rpm for 40 s, and soft backed
on a hot-plate at 100 °C for 5 min. Then Si substrates with
photoresist were inserted beneath the floating MCC and lifted
from water. The MCC self-assembled at the air/water interface
was thus transferred onto the photoresist layer. Next, the

Figure 1. Schematic illustration of the process for the fabrication of
periodic pore array via spherical-lens lithography: (a) photoresist spin-
coated onto the silicon surface, (b) PS MCCs formed on top of the
photoresist via the air/water interface self-assembly method, (c) UV
light exposure of the photoresist covered by the PS MCC, and (d)
photoresist with a subwavelength pore array pattern after develop-
ment.
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samples were UV exposed using a conventional photo-
lithography instrument at a lamp power of about 10 mW/
cm2 and a center wavelength of 365 nm. After exposure, the
substrates were immersed in DI water and sonicated for a few
minutes to remove PS spheres. Finally, the samples were
developed in AR 300−26 developer, followed by rinsing in DI
water, and drying by nitrogen. Scanning electron microscope
(SEM) images were obtained by a field-emission scanning
electron microscope (Gemini LEO 1530). The samples were
precoated with gold for 8 min using a sputter coater (Model
682, Gatan). The pressure was 6 × 10−4 Pa and the anode
current was 100 μA. SEM images were captured at a working
distance of 4−6 mm and a gun power of 10 kV.

■ RESULTS AND DISCUSSION
Results of the FDTD Simulations. The UV light

propagation through PS spheres with different diameters was
simulated by 3D-FDTD modeling method. The basic model for
the simulation was a single PS sphere standing on top of the
photoresist with a Si substrate below, and the surrounding was
air, as shown in Figure 2a. X and Y axes ran perpendicularly

through the sphere/PR contact point in the plane parallel with
the substrate, and the Z axis was directed along the direction
perpendicular to the substrate. During the simulations, the
diameter of the spheres was the unique variable while keeping
other conditions constant. Figure 2b shows the UV intensity of
the focused light versus the position in the X−Z plane of the
light’s propagation with different diameters of PS spheres. It
should be noted that the exposure intensity is a relative
intensity and no unit is assigned. Considering an exposure
intensity of 10 is the required intensity for a successful
exposure, which is indicated as a dashed red line in Figure 2b,
the size and depth of the well-exposed region both increase
when spheres with a larger diameter are used. Thus, the
focusing behavior of spheres becomes gradually stronger, with
increasing diameter. Figure 2c,d illustrates the X−Z and X−Y

views of the simulated time-averaging electromagnetic field
energy distributions by using a 2 μm PS sphere as a microlens,
respectively. The contour of the single sphere is highlighted by
the white dotted circle, and the location of the interface
between the sphere and PR is marked by the straight dotted
line. The incident light collimates in a well-defined cylindrical
shape inside the PR, demonstrating the focusing property of
spheres during exposure.
The intensity distribution of the electromagnetic field is

closely related to its surroundings. Considering the effect of the
interference among adjacent spheres during exposure, a period
consisting of was chosen as a model instead of a single sphere.
Figure 3 shows the visualization and energy profile of the
simulated intensity distribution within a period consisting of
seven spheres. The cross-sectional monitor highlighted in green
solid line in Figure 3a was to register the light intensity along
the cross-sectional direction. The upper section in Figure 3b
presents the tilted view of X−Z cut of the period model. For
facilitating comparative analysis of the simulation results with
that using a single sphere model, data bounded by the dotted
line as shown in the lower section of Figure 3b was extracted.
The nanosphere with diameter of 420 nm which was just

above exposure wavelength 365 nm could generate a focal spot
appearing directly underneath the nanosphere, as shown in
Figure 3c. This focusing behavior of nanosphere became
gradually stronger with increasing the diameter from 420 to 900
nm, as shown in Figure 3d. However, the distribution of the
light changed when the diameter of the spheres increased to 2
μm. Cross-sectional intensity distribution of 2 μm PS spheres
shows two spots appear at the interface between PS spheres
and photoresist, as indicated by the small solid circles in Figure
3e. X−Y cut time-averaging field energy distribution shown in
Figure 3f demonstrates that six small light spots appeararound
the large circular light spot underneath the sphere. The result is
different from the only circular focal spot shown in Figure 2d,
which utilized a single sphere as the simulation model. The
occurrence of the six light spots can be ascribed to interference
among adjacent spheres during exposure. Figure 3g visualizes
the UV light intensity cross section when PS microsphere with
different diameters was used. The collimated cylinder gets
bigger and the depth-of-focus becomes deeper when increasing
the size of spheres. When the diameter increased to 2 μm, two
peaks appeared obviously on both sides of the main peak, as
indicated by the two black arrows in Figure 3g.

Morphology of the Ordered Pore Arrays Generated
by SLP Using PS Spheres of Different Diameters.
Experimental verification of the above FDTD simulations was
attempted by performing SLP using PS spheres with different
diameters. Figure 4a−c shows SEM images of the resultant
ordered pore arrays using 420 nm, 900 nm, and 2 μm spheres,
respectively. The openings in the PR layer were obtained by
developing 5 s after 6 s exposure.
A monolayer of PS spheres served as a lenses array during

exposure. The intensity of focus light was several tens of times
stronger than that of incident light, hence, resulting in site-
selective exposure of the underlying PR layer. Information
about the period of sphere array was transmitted to that of the
pattern array, manifesting a one-to-one correspondence
between spheres and pores. Thus, the period of the pore
arrays in the PR was directly determined by the diameter of the
spheres, and the period could be changed flexibly by varying the
diameter of the spheres, as can be seen in Figure 4. While
nanospheres with an average diameter of 420 nm resulted in a

Figure 2. (a) Schematic of cross-section view of the single sphere
model used for 3D FDTD simulation. (b) UV light intensity cross
section after being focused by 2 μm PS sphere. (c) X−Z cut view and
(d) X−Y cut view of the simulated time-averaging field energy
distribution that demonstrates focusing the incident light by the single
sphere of 2 μm in diameter.
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nearly periodic pattern (Figure 4a), more definite and regular

hexagonal arrangement of pores were observed with the

diameter of 900 nm (Figure 4b). Furthermore, the insets

shown in Figure 4a and b indicate that the contour of the pore

is more circular in case larger PS spheres are used due to the

improved focusing ability, as predicted by the FDTD simulation

results with either a single sphere model or a period model.

With the diameter increasing to 2 μm, the shape of the
opening appeared sexfoil (Figure 4c), which differed from the
simulated result using the single sphere model shown in Figure
2d. However, the sexfoil shape looks like the pattern predicted
by the FDTD simulation using the period model. The
simulated result of the 2 μm spheres showed a complex
pattern, consisting of a large circle and six tiny circles
surrounding it (Figure 3f). The difference between the

Figure 3. (a) A schematic illustration of the period model used for FDTD simulation and green line reprents the cross-sectional monitor. The single
period is a rectangular unit cell highlighted by the dotted box, which is composed of a whole and six half spheres. (b) The tilt-veiw (top) and cross-
sectional view (bottom) of X−Z cut of the period model; The dotted box highlights the area from which the data are extracted. (c, d) Simulated
time-averaging field energy distributions of 420 and 900 nm nanospheres, respectively. (e, f) X−Z cut view and X−Y cut view of the simulated time-
averaging field energy distributions of 2 μm spheres, respectively. (g) The extracted energy profiles for spheres with various diameters when x = 0.8
μm.

Figure 4. SEM images of ordered pore arrays fabricated by SLP using spheres with various diameters of (a) 420 nm, (b) 900 nm, and (c) 2 μm for
the same exposure and development time. The insets are the corresponding magnified image of pore and the scale bars in the insets are all 200 nm.

Figure 5. Schematic illustration of the sexfoil shape pore array during the exposure process.
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simulated and the experimental results could be ascribed to the
bleaching of the photoresist, as schematically illustrated in
Figure 5. Bleaching55−58 is a description of the decrease in
absorption of the photoresist after it is exposed. Therefore, in
the beginning of the exposure, the photoresist along the
propagation path of focused light was exposed first. With the
exposure going on, the exposed domains in photoresist became
partially transparent, laterally guiding light along the substrate
and allowing a fuller exposure of the lateral photoresist. Both
the big circle and the six tiny circles could act as the center of
the bleaching, occurring radially in almost all directions. With
the exposure going on, six tiny circle domains quickly contacted
with the center large circle, resulting in the formation of the
boundary line of the sexfoil.59

Effects of Process Conditions on the Morphology of
Sexfoil Pore Array. The size of the sexfoil pores generated
could be controlled by varying the exposure time and the
development time. SEM images of ordered sexfoil pore arrays
on the PR obtained with 2 μm spheres at different exposure and
development times are shown in Figure 6. The size of the
sexfoil shape is defined as the diameter of its inscribed circle,
and the corresponding sizes of the sexfoil pores displayed in
Figure 6 are listed in Table 1.

Comparing SEM images in each column of Figure 6, a
phenomenon that the size of the pore increased with the
exposure time when the development time was fixed could be
observed. When the development time was fixed at 2 s, the sizes
of the pores were 526, 726, and 810 nm, respectively.

Attributing to the bleaching effect of PR, a larger region
underneath the PS spheres could absorb sufficient photo energy
to be developed. Therefore, the size of the sexfoil pores could
be controlled by manipulating the exposure time.
Similarly, the size of the pores could be controlled by varying

the development time with the constant exposure time. It is
known that the exposure dose is a function of UV light
irradiation multiplied by the exposure time. Moreover, the
development rate decreased with lowering the exposure dose to
a certain extent.60 There is a strong evidence that the enlarging
rate of the pores exposed for 6 s (31 nm/s) is obviously faster
than that of the samples exposed for 2 s (14.9 nm/s) when
extending the development time from 10 to 20 s. Therefore, the
edge region with lower exposure dose took more time to
develop as shown in SEM images in each row of Figure 6.

■ CONCLUSION
In summary, both a single sphere model and a period model
were employed to study the optical behaviors of the microlens
array during spherical-lens photolithography by using 3D
FDTD simulation. The diameter of the spheres ranged from
the size just above the exposure wavelength to the size in
micron scale. When the diameter of the PS spheres used for
light focusing increased to 2 μm, the 3D FDTD simulation
using the period model predicted a focused pattern consisting
of a large and six surrounding tiny circles. The phenomenon
was ascribed to the interference among adjacent spheres during
exposure, which was neglected in the conventional 3D FDTD
simulation using the single-sphere model. The validation of
simulation was approved by comparing the simulation results
with the experiment results. The period of the ordered pore
array was changed flexibly by varying the diameter of the
spheres. Large-area ordered sexfoil-shaped pore arrays were
obtained by SLP using 2 μm sphere as microlens. The
bleaching of the exposed PR led to the difference between the
simulation results and the experiment results. By manipulating
the exposure time and the development time, the size of the
sexfoil pores could be easily tuned. Sexfoil-shaped pore arrays
observed in this study enrich the micro/nanostructures
generated by spherical-lens photolithography. Combining
with other techniques, array of sexfoil pores may find many
potential applications in nano/microfabrication area by serving
as a mask for deposition, etching or site-selective epitaxy. For
example, the metallic sexfoil disk array produced using the
sexfoil pore array as a deposition mask might possess
interesting plasmonic properties comparing with the conven-
tional metallic circular disk array.
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