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Deep-UV microsphere projection lithography
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In this Letter, we present a single-exposure deep-UV projection lithography at 254-nm wavelength that produces
nanopatterns in a scalable area with a feature size of 80 nm. In this method, a macroscopic lens projects a pixelated
optical mask on a monolayer of hexagonally arranged microspheres that reside on the Fourier plane and image the
mask’s pattern into a photoresist film. Our macroscopic lens shrinks the size of the mask by providing an imaging
magnification of ~1.86 x 10%, while enhancing the exposure power. On the other hand, microsphere lens produces a
sub-diffraction limit focal point—a so-called photonic nanojet—based on the near-surface focusing effect, which
ensures an excellent patterning accuracy against the presence of surface roughness. Ray-optics simulation is utilized
to design the bulk optics part of the lithography system, while a wave-optics simulation is implemented to simulate
the optical properties of the exposed regions beneath the microspheres. We characterize the lithography perfor-
mance in terms of the proximity effect, lens aberration, and interference effect due to refractive index mismatch

between photoresist and substrate.
OCIS codes:

(210.4770) Optical recording.
http://dx.doi.org/10.1364/0L.40.002537

Microsphere photolithography is an attractive method
to fabricate nanopatterns on large areas. In this type of
photolithography, microspheres are used as microlenses
to focus UV light into a photoresist film underneath the
spheres [1] that can be used to produce arbitrary patterns
[2,3] or to focus on a material that can be patterned by
laser ablation [4]. The focal spot of microspheres has a
jet-like shape—a near-field focusing effect, where an
elongated beam forms immediately beneath the micro-
sphere [5]. In contrast to microlens fabrication, chemi-
cally synthesized microspheres do not require any
microfabrication process resulting in a lower cost and
a greater available of materials. In addition, the size of
microspheres are available in a wide range from ~10 nm
to several 100 pm diameter with a standard deviation of
less than 2%. These properties make microsphere lenses
valuable as they are compatible with a variety of opto-
electronic applications [6-10].

To expand the capability of microsphere photolithog-
raphy, it is necessary to achieve feature sizes below
100 nm, particularly to access resonant responses in the
near IR and visible regions of the spectrum. However, the
width of the focal point limits the feature size. Reducing
the size of the nanojet can be achieved by utilizing deep/
extreme UV wavelength sources. Particularly, the optical
path of microspheres is short enough to avoid optical
absorption that most materials exhibit in UV region.
Recently, we achieved a 80-nm feature size via micro-
sphere photolithography by replacing common 365-nm
i-line source with 254-nm-deep UV (DUV) source [11].
Figure 1 shows the highly elongated nanopillars of photo-
resist fabricated via DUV microsphere photolithography
using 2-pum spheres on silicon substrate that a 1-pm-thick
layer of SiOy has been deposited as an anti-reflection
coating film to reduce interference effects.

In this Letter, we extend DUV microsphere photoli-
thography to produce arbitrary nanopatterns by incorpo-
rating a projection optical system. In this method, a
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macroscopic lens acts as an objective lens and projects
a mask onto a monolayer of microspheres that act as
imaging lenses at the Fourier plane of the objective lens.
Figure 2(a) shows a homemade projection lithography
setup inside a broadband DUV chamber. A mechanical
shutter is used to set accurate and stable exposure time
slots. The schematic is shown in Fig. 2(b). It is composed
of a DUV filter that transmits 2564-nm light through a stack
of two diffusers. The diffuser increases illumination
uniformity and creates a wider angular distribution of
light passing through the mask’s openings. The optical
mask is pixelated to compensate for the proximity effect
and correct aberrations from the microspheres. Another
advantage of the pixelated mask is to have a uniform
lithography exposure duration. The two plano—-convex
(PCX) lenses serve as an objective lens that maps the
mask openings on an array of microspheres. Although, a
single spherical lens is enough to map the mask on the
microsphere array, the trade-off between the lens power
and lens aberration leads to a compromise between the
pattern size underneath the microsphere and the size of

Fig. 1.
wavelength DUV source in a microsphere photolithography.
The microsphere size is 2 pm. (b) DUV microsphere photoli-
thography is susceptible for generic nanopatterning. An array
of double-pillar photoresist fabricated by DUV tilted exposure
microsphere photolithography. Pillars shows high-aspect ratio
without bending.

(a) Achieving feature size of sub-80-nm using 254-nm-
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Fig. 2. (a) Homemade DUV lithography setup inside a broad-
band DUV chamber. A shutter is controlled by a computer to set
the stable exposure time slots. (b) Arrangement of the optical
system. A DUV filter passes light with 254-nm wavelength from
a broadband source. A stack of two diffusers is served to in-
crease illumination uniformity and to enrich angular distribu-
tion of light passing through the mask. The two lenses create
an objective lens system that maps the mask openings on an
array of microspheres. The mask and microsphere array are
placed at the effective focal points of the objective lens system.
(c¢) Ray-tracing simulation (WinLens3D) of the objective lens
system that projects two points of a mask on an array of micro-
sphere imagining lenses. The objective lens is composed of two
PCX lenses that are situated for minimized aberration.
(d) Graphs of optical path difference and magnification as a
function of two PCX lenses. (e) OPD across the sample for
meridian and sagittal beams originated from center (blue line)
and 5 mm (red line) away from center of the mask. Note the
center of sample is coincided with center of optics.

aberration-free region of the sample. To resolve this limi-
tation, one can choose more sophisticated but relatively
costly lenses such as an aspheric lens to have high lens
power with small aberration. Fortunately, in many situa-
tions, a lens system with an accurate design can meet
these criteria. Here, we designed an objective lens com-
posed of two PCX lenses with flat-sides facing toward the
mask and sample. For a thick lens or a system of lenses,
the effective focal length (EFL) is defined as the distance
from the focal point to the principle plane [shown as
dashed lines P and P’ in Fig. 2(c)] for each side of the
lens system. Both the mask and microspheres are placed
at the opposite EFLs of the objective lens system. The

optical design of the lithography system involves both
ray optics for the objective lens (> 1) and wave optics
for imaging lens (~4) due to the significant dimension
contrast. Figure 2(c) illustrates the ray-tracing simulation
of two PCX fused silica lenses where they are placed in
an optimum distance to produce minimum aberration.
The magnification of the system is the ratio of the EFL
of the objective lens to the focal length of the micro-
sphere, which is the microsphere radius. The coverage
area on the sample is limited to the overlap of beams
from farthest openings of the mask. For the case of aber-
ration-free ray tracing, the coverage area has a diameter
of dsample = Glens = Aask, Where diens and dy,q are lens
and mask diameters, respectively. In practice, lens aber-
ration reduces the coverage area. Figure 2(d) depicts the
ray-tracing simulation result of the optical path differ-
ence (OPD) across the Fourier plane of the objective
lens. It is defined as the relative phase distortion between
the rays arriving on the sample’s surface with respect to
the one arriving at the center of the sample. The mini-
mum OPD is for a distance of 9 mm with a lens power
of 54 m™!, while each PCX lens by itself has a lens power
of 31 m™! as depicted in Fig. 2(d). OPD is a useful param-
eter to extract an effective coverage area with insignifi-
cant aberration. Figure 2(e) illustrates aberration across
the sample for two beams originating from the mask’s
center and 5 mm away from the mask’s center. Both
meridian and sagittal beams are considered for full
evaluation of OPD. Setting the maximum OPD to 0.14, an
effective coverage area with negligible aberration has a
diameter of ~2 mm. Since the mask is positioned at the
focal point, the image of the objective lens is decom-
posed into a series of weighted planewaves with different
angles of incidence. An objective lens with effective focal
length of EFL converts the alike spherical beam from a
point on the mask (with a radial distance P,y from
center of mask) into a set of parallel beams with angle
equal to 6 = tan~! (P, /EFL). The pillar position under
a microsphere with a radius of R, is related to the
angle of beam by P, pillar = Rsphere tan(0) = Rsphere
(Prask/EFL). Note that the magnification of the lithogra-
phy system is M = EFL/Rg,pere. Thus, one can relate
mask position to pillar position through Py, =
Praskc/M. Therefore, a wave optics simulation (FDTD
Lumerical solution) is needed to evaluate the formation
of a photonic nanojet with different angles of incidence
as shown in Fig. 3(a). Since, in the experiment, the de-
posited photoresist has a measured thickness of 280 nm
(measured by spectroscopic ellipsometry) on a glass
slide substrate, in FDTD simulation, we assume the same
conditions. Note that the beams with a higher angle of
incidence produce photonic nanojet with less intensity
and larger bending due to microsphere aberration. In
addition, in a practical setup, it is always difficult to pro-
duce an incident beam with uniform intensity. Therefore,
wider opening size is necessary to compensate less inten-
sity toward the edge of the mask. Through the adjustment
of intensity for each angle, one can resolve pillars with a
broad range of angles over a large area. In addition, the
refractive index contrast between the photoresist and
glass substrate produces interference patterns along
walls of the photoresist pillars. Although interference ef-
fect can be useful to induce undercut along the sidewalls



Fig. 3. (a) FDTD simulation (Lumerical) is performed to evalu-
ate the formation of a photonic nanojet beneath the micro-
sphere with different angles of incident. Microsphere has
2-uym diameter and photoresist (PR.) thickness is 280 nm.
The substrate is glass. (b) Comparing the exposed-developed
photoresist pillars through regulating the intensity of incident
angle with and without modifying the mask sizes. The mask
is only resized slightly to prevent the pillars from collapsing.
The interference patterns along the vertical sides of pillars
are due to mismatch between refractive indices of substrate
and photoresist. Scale line is 100 nm.

of the photoresist pillars for lift-off process, it can limit
the minimum feature size. The nodes of the resulted
standing wave produce vulnerable spots on the photore-
sist pillar that sets a limit on the pillar’'s width, which
beyond that, the pillar cannot survive during the develop-
ing process. One solution to address this problem is to
implement an anti-reflection coating on the substrate
to reduce the standing wave effect. Note that an arbitrary
pattern contains photonic nanojet with different angle of
incident. In our future work, we will consider an anti-
reflection coating system composed of alternating layers
of SiO, and SigN, thin films to suppress reflection.
Another method to reduce the standing wave effect is
to reduce the photoresist thickness. In this Letter, photo-
resist has a 280-nm thickness that can produce standing
nodes due to interference between the upper and lower
surfaces. A node close to the lower part of photoresist
layer results in a vulnerable region on the photoresist
pillar during the developing process. Here, the exposed-
developed photoresist pillars are simulated for different
angle of rays coming from macroscopic lens to analyze
the effect of standing wave nodes and microsphere
lens aberration as shown in Fig. 3(b). The simulation
is derived from the calculation of electric field intensity
of a photonic nanojet, which is normalized to the normal
exposure angle and photoresist exposure-developing
response. In addition, Fig. 3(b) compares the effect of
modifying a mask to correct aberration of the micro-
sphere lens. Note that without modifying the mask, high-
angle pillars cannot survive. Thus, the pixels of mask are
modified to regulate exposure power uniformly across a
region with the sphere’s radius approximately. The high
aspect ratio (~3:1) of the pillars is quite favorable for a
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single-step pattern transfer process such as photoresist
lift-off.

A semi-empirical graph of the relative opening size on
the mask versus distance from center is shown in the in-
set of Fig. 4(a). Theoretical magnification of the imaging
system is verified by comparing the distance of the open-
ings on the modified mask and corresponding pillars in
SEM. The background SEM shows a large area coverage
of photoresist pillars with a corresponding modified
mask. The process details of this fabrication can be found
in Ref. [11]. The only differences are the photoresist
thickness and the substrate. Here we used a glass slide
as the substrate and chose 280-nm photoresist thickness
to reduce interference effect based on FDTD simulation.
We are planning to use anti-reflection coating for our
future works, which is heavily studied [12] to produce
smaller features. The inset SEM in Fig. 4(a) shows a cov-
erage of ~1 pm width under the microsphere with a mean
diameter of 2 pm. Outside of this coverage area cannot
produce a well-defined photonic nanojet due to an
extremely high angle and asymmetric boundary condi-
tion at the interface of the photoresist and air. As a rule
of thumb, a controllable coverage area with a diameter of
half of the sphere’s diameter can be achieved by modify-
ing the mask according to microsphere aberration and
light illumination to mask nonuniformity. The number
of pixels that can image with the proposed system is re-
lated to the nanopattern diameter under each sphere and
the diameter of photoresist pillar Nyivei = dpano/2dpiliar-
For developing photoresist pillars on a glass substrate,
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Fig. 4. (a) SEM of a hexagonal array of photoresist pillars that
is produced by a mask that is shown in the lower right side of
the figure. The zoom-in SEM shows few until cells of photore-
sist pillars. The graph on the upper left side of the figure shows
the dependency of the mask openings on the exposure position
under the microsphere. Pillars that are far from the center
require larger power (equivalently larger opening size) to be
survived during developing the photoresist. (b) SEM of different
patterns of photoresist pillars with their corresponding modi-
fied masks. The scale bar is 100 nm.
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simulated pillar’s diameter is ~100 nm. In this Letter, we
only consider 2-pm-diameter silica microspheres as they
can generate photonic nanojet immediately below the
sphere. Thus d,,,, ~ 1 pm, resulting in 5 pixels in each
direction. We have examined larger silica microspheres
both in simulation and experiment to increase the num-
ber of pixels. However, larger spheres have less lens
power due to reduction in sphere curvature as their pho-
tonic nanojet forms far below the photoresist region. One
solution to adjust the relative position between the nano-
jet and photoresist for larger spheres is using spheres
with higher refractive index such as Alumina and
Titania that can compensate for lower sphere curvature
and increasing the lens power. Another solution is to in-
crease numerical aperture (NA) of the incident beam on
the spheres by displacing the mask away from the focal
point of the objective lens. However, our ray-tracing and
lithography experiments demonstrate that the global cov-
erage area is severely limited by high-NA-imaging beams
due to the elevated aberration of the objective lens.
Figure 4(b) shows SEM of different patterns of photore-
sist pillars with their corresponding modified masks.
Note that all patterns have the same exposure time as
their masks are modified to compensate for aberration
and proximity. In addition, the interference patterns that
are shown in Fig. 3(b) are suppressed in experimental
results by increasing the exposure energy. We believe
that by increasing the exposure energy, the intensity
modulation along the sidewalls of the photoresist are
shifted above the photoresist developing threshold and
thus are not resolved.

In conclusion, we developed a DUV microsphere pro-
jection lithography to produce arbitrary nanopatterns
with sub-100-nm feature size with 5 pixels in each lateral
direction. The design procedure involves ray optics and
wave optics as both macroscopic taking into account the
proximity and aberration issues. The method is very suit-
able for large area defect-tolerable photonic structures

and metasurfaces for energy harvesting, light extraction
applications, and bio-sensing.
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