Patterning flood illumination with microlens arrays

Ming-Hsien Wu, Kateri E. Paul, and George M. Whitesides

We describe a convenient lithographic technique that can produce simple, repetitive micropatterns over
large areas (several square centimeters). The technique uses an illuminated array of micrometer-scale
lenses to generate an array of optical patterns in an image plane located within micrometer distances
from the lens array. A layer of photoresist, placed in the image plane, records the patterns. Micro-
lenses with different sizes, profiles, composition, and indices of refraction produce corresponding patterns
in exposed and developed photoresist. Both spherical and nonspherical microlenses were examined.
Several types of optical element containing arrays of microlenses were fabricated and used to demon-
strate that this technique can generate uniform micropatterns over large areas (>4 cm?) in a single

exposure. The smallest features produced had dimensions of ~100 nm. © 2002 Optical Society of
America
OCIS codes: 350.3950, 110.5220, 220.3630, 350.3850, 160.5470, 110.3960.

1. Introduction

A. Background

Arrays of micropatterns are useful for a wide range
of applications; examples include optical filters,1-3
photonic crystals,* digital optical systems,>6 and
displays.”®# Conventional photolithography,® holo-
graphic lithography,'© e-beam lithography,!* and
laser pattern writing!2 are currently used to fabri-
cate repetitive micropatterns. Although these
techniques produce high-quality patterns, they re-
quire expensive facilities and involve multistep pro-
cessing. In this paper we demonstrate a process
for large-area fabrication of repetitive arrays of mi-
cropatterns that does not require those techniques.
We begin this method by fabricating an array of
microlenses supported on a thin, transparent, elas-
tomeric membrane whose thickness is the focal
length of the lens. This array of microlenses pat-
terns incident illumination and produces an optical
pattern that depends on the pattern of the lens
array. We place a layer of photoresist on the plane
of the optical pattern to record it; the exposed and
developed photoresist shows the distribution of
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light from the optical pattern. We use both spher-
ical and nonspherical microlenses. These two
types of microlense generate a different type of pat-
tern: A two-dimensional (2-D) crystal of transpar-
ent microspheres produces a dense, hexagonal
array of micropatterns®.13.14; a microlens array fabri-
cated by photolithography or soft lithography gener-
ates an array of micropatterns whose form depends
on the structures of the microlens array.!516 This
simple technique can produce repetitive arrays of mi-
cropatterns with feature sizes as small as 100 nm, in
parallel, over an area >4 cm?.

We first describe use of arrays of crystalline (hex-
agonal close packed), transparent microspheres em-
bedded in a transparent elastomeric matrix to
produce micropatterns in photoresist. We then dis-
cuss the fabrication and use of microlens arrays for
the generation of arrays of micropatterns in nonhex-
agonal arrangements.

B. Transparent Microspheres

Transparent microspheres act as ball lenses and ex-
hibit a range of optical phenomena including lens-
ing813,14.17 (Fig. 1) and light scattering.18-21 A range
of applications based on these phenomena has been
proposed.1422-2¢  Individual microspheres can be
used as microobjectives?2:23 or rotational probes for
microscopy,2* and crystallization of microspheres
forms periodic dielectric microstructures that can
function as photonic crystals?526 and arrays of pro-
jection microlenses.4

Transparent microspheres can cause illumination
to converge or diverge, depending on the ratio of re-
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Fig. 1. (a) Schematic illustration comparing patterns formed by
use of PDMS membranes with (left) and without (right) a spacer of
thickness ¢ between the embedded spheres and the surfaces of the
membranes. Note that use of the spacer shown on the right-hand
side localizes the light in the photoresist layer more than without
the spacer and results in smaller patterns. (b) Photomicrograph
of a 2-D crystal of 10-pm polystyrene spheres. (c)—(e) A series of
optical micropatterns produced by the 10-pm polystyrene spheres
with image distance d; = —0.8, 0.0, and 4.6 pm, respectively. The
orientation of the array of microspheres is the same in each pic-
ture.

fractive indices between the spheres (n,) and the sur-
rounding medium (n,,). Although this lensing can
be rigorously described with Mie theory,20-21 the for-
mulas that emerge from the theory are inconvenient
touse. Here we use simple arguments from geomet-
ric optics to explain lensing by spherical microlenses
under two conditions. (i) Individual spheres illumi-
nated by collimated light: A low-index sphere (n, <
n,,) causes incident illumination to diverge, whereas
a high-index sphere (n, > n,,) causes incident illumi-
nation to converge and produces a bright spot on its
focal plane. (ii) 2-D hexagonal close-packed crystals
of spheres under collimated illumination: Each
sphere receives light scattered from its six neighbor-
ing spheres and the array of microspheres produces a
hexagonal array of optical patterns with six sides. A
2-D crystal of microspheres forms a compact array of
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microlenses, and this array produces a correspond-
ingly dense optical pattern. We use 2-D crystals of
microspheres for photolithography to generate pat-
terns in a layer of photoresist.

Because the optical patterns in photoresist pro-
duced by an array of microlenses depend on the dis-
tance dp between the array and the photoresist, we
can obtain a series of different micropatterns in pho-
toresist by tuning dp.1¢ Figure 1(a) shows that an
array of microlenses generates an array of spots
smaller than the microlenses when a spacer with
thickness smaller than the focal length is placed be-
tween the microlenses and the layer of resist. Fig-
ure 1(b) shows a top view of a 2-D crystal of 10-pm
spheres. Figures 1(c)—(e) show three optical pat-
terns produced by the 2-D crystal of 10-pm spheres
on a series of image planes with increasing image
distance d;. These optical patterns were generated
at d; = —0.8, 0.0, and 4.6 pm, respectively. The
patterns shown in Figs. 1(c) and 1(d) were produced
by interference of the light from neighboring spheres.
Figure 1(e) shows an array of bright spots produced
on the focal plane of the 2-D array of microspheres.

To facilitate a uniform spacing between the micro-
lens array and the layer of resist, we used two types
of spacer: (i) an elastomeric thin film [polydimeth-
ylsiloxane (PDMS), nppms = 1.4, Sylgard 184, Dow
Corning] with a uniform thickness and (ii) a uniform
air gap (n,;, = 1) between the microlenses and the
photoresist. We used elastomeric thin films in near-
field, contact-mode photolithography to provide a con-
formal contact between optical elements and a layer
of resist.27-30 Although the deformation of pat-
terned PDMS membranes causes distortion of pat-
terns in soft lithography,2” deformation is relatively
unimportant when we use the flat sheet of PDMS
that serves as the optical element in this research.
Patterns generated by this technique depend on the
lensing of rigid microlenses, rather than on the optics
of a deformable, patterned PDMS membrane, and the
membrane serves primarily to ensure uniform spac-
ing of the lenses from the photoresist layer and to
eliminate an air gap in the optical path from the lens
to the photoresist.

Because the refractive index of the elastomeric thin
films (n,, = nppyg = 1.4) is higher than that of an air
gap (n,, = ny;, = 1), the thin film lowers the contrast
of refractive indices between the lenses and the sur-
rounding medium (n;:n,,). The lowered contrast of
refractive indices reduces the concentration of light
passing through the lens array and also reduces the
resolution of the optical patterns. We can improve
the resolution by incorporating a uniform air gap
between the lens array and the photoresist, although
it is technically difficult to maintain a uniform
micrometer-size gap over a large area.

C. Fabricated Microlens Arrays

We also used arrays of plano—convex microlenses.
We fabricated arrays of these microlenses using three
techniques: (i) melting and reflow of photore-
sist15:31.32; (ii) self-assembly of liquid polymers on



Fig. 2. (a) SEM image of a 5 pm X 5 um grid lens. (b)—(d)
Photomicrographs of a series of optical micropatterns generated by
the grid lens shown in (a) with image distance d; = 5, 8.3, and 19
wm, respectively.

patterned, functionalized surfaces!®33-35; and (iii)
molding, using techniques such as replica molding3¢é
and solvent-assisted embossing.3?” We used meth-
ods (i) and (ii) to fabricate microlens arrays on glass
substrates and used method (iii) to fabricate micro-
lens arrays on elastomeric membranes.

A patterned microlens array also generates a pat-
tern of images; these images will be different on dif-
ferent image planes. Figure 2(a) shows a scanning
electron microscope (SEM) image of a 5 pm X 5 pm
grid lens. Figures 2(b)-2(d) show the optical pat-
terns produced by the grid lens on different image
planes with image distance d; = 5.0, 8.3, and 19 pm,
respectively. The grid lens shown in Fig. 2 gener-
ated optical patterns in a square pattern, but this
pattern is fixed by the pattern of the grid and can be
changed by design. These optical patterns are uni-
form over an area larger than 4 cm? The optical
patterns in some image planes contain submicrome-
ter features.

2. Experimental Procedure

A. Preparation of Optical Elements Containing
Microlens Arrays

We prepared four types of an optical element based
on microlens arrays. Each type uses microlenses
that direct incident illumination in a particular way:
(1) high-index microlenses that cause light to con-
verge, (ii) low-index microlenses that cause light to
diverge, (iii) lenses spaced from the photoresist by a
spacer or a gap, and (iv) lenses in an array situated at
an oblique angle to the incident illumination.

1. Polydimethylsiloxane Membrane with an
Embedded Monolayer of Microspheres

Figure 1(a) compares lensing by spheres embedded at
different depths inside a membrane. On the left-
hand side a PDMS spacer with a thickness ¢ sepa-
rates the embedded spheres from the surface of the
membrane. Incident illumination is concentrated
by each sphere and further propagates through the
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Fig. 3. Illustration of the fabrication of a PDMS membrane with
a 2-D crystalline array of embedded microspheres. The spheres
are separated from the surface of the membrane by a distance ¢,
equal to the thickness of the PDMS spacer.

spacer to form patterns of illumination. Spacers
with different thickness generate different patterns.
Figure 3 summarizes the procedure used to gener-
ate PDMS membranes containing embedded micro-
spheres. The membranes were prepared on silicon
wafers passivated with a thin film of polyfluorosilane
(tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane,
United Chemical Technologies, Inc., Bristol, Pa.).
We spin coated (spin speed of 1500 rpm) the passi-
vated silicon wafer with a thin film of a PDMS pre-
polymer diluted in heptane (PDMS prepolymer:
heptane of 1:5.5 for a 3-pm-thick layer of PDMS).
This solution yielded a PDMS film with a uniform
thickness of ¢ = 1-20 wm after curing. The silaniza-
tion prevented adhesion of the PDMS to the wafer.
To crystallize microspheres on the PDMS thin film,
we first oxidized its exposed surface in an oxygen
plasma in a laboratory plasma cleaner for 15 s to
make it hydrophilic. We then placed a dilute aque-
ous suspension of microspheres on the oxidized sur-
face.38 Slow evaporation of the water generated a
polycrystalline monolayer of microspheres. We ex-
posed the PDMS thin film and the arrays of crystal-
lized spheres to an oxidizing plasma for 15 s to
produce a layer of oxidized PDMS that adheres well
to a second, thicker film (~3 mm) of PDMS cast over
the thin film. This composite formed a flexible mem-
brane. The second layer of PDMS completely fills
the gaps between the spheres and the first layer of
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the PDMS. We made the top surface of the mem-
brane flat by using gravity for leveling. To facilitate
removal of the cured membrane from the surface of
the wafer, and to minimize tearing of the membrane,
the membrane was peeled away from the substrate
with the system immersed in ethanol. The combi-
nation of silanization of the silicon surface, and oxi-
dization of the first layer of PDMS and arrays of
microspheres to form a seal with the second layer of
PDMS, prevented the microspheres from sticking to
the substrate; all the microspheres remained embed-
ded in the membrane.

2. Polydimethylsiloxane Membrane with a
Monolayer of Air Microspheres in the Surface

Air spheres have the lowest achievable refractive in-
dex (n,, = 1). This type of membrane uses what
are, in essence, air lenses to cause incident light to
diverge and to produce protrusive micropatterns in
positive photoresist. We prepared a PDMS mem-
brane by the procedure described above in such a way
that it had a monolayer of polystyrene (PS) micro-
spheres embedded in its surface. On sonication of
this membrane in acetone, the PS spheres dissolved.
After the removal of the spheres, we cleaned and
dried the membrane under a stream of nitrogen.
This procedure generated a membrane with a mono-
layer of approximately spherical holes in the surface.

3. Wedge-Shaped Polydimethylsiloxane Membrane
with a Monolayer of Microspheres Embedded in the
Surface

Wedge-shaped membranes refract incident illumina-
tion to an angle « = sin~ ' (sin 0/nppyg), and the
embedded spheres receive incident light at an angle
B =0 — sin ! (sin 0/nppys) according to Snell’s law
(Fig. 4). This deflection of light results in a change
in the pattern formed in the photoresist. To obtain
wedge-shaped membranes containing embedded mi-
crospheres, we prepared a monolayer of crystallized
spheres on a thin uniform membrane by the same
procedure described above. We tilted the sphere-
covered substrate at an angle 6 and cast a second
layer of PDMS on it. After removal of the PDMS
from the substrate, we obtained a wedge-shaped
PDMS membrane with microspheres embedded in
the surface. Figure 4 illustrates fabrication for this
type of membrane.

4. Transparent Membrane with an Array of
Plano—Convex Microlenses Embedded Inside the
Membrane

We used three methods to fabricate arrays of micro-
lenses on glass substrates: (i) melting and reflow of
photoresist [Fig. 5(a)], (ii) self-assembly of liquid poly-
mers on functionalized surfaces [Fig. 5(b)], and (iii)
solvent-assisted embossing [Fig. 5(c)]. We also used
replica molding to fabricate microlens arrays on elas-
tomeric membranes.

For uniform lensing, the medium between a mic-
rolens array and the photoresist should be a thin
transparent film with a uniform thickness. We used
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Fig. 4. Fabrication of wedge-shaped membranes with a 2-D array
of microspheres embedded in the surface. The top figure illus-
trates the oblique illumination on microspheres with a wedge-
shaped membrane.

two types of media: (i) PDMS as a thin film and (ii)
an air gap. For (i), we spin coated a microlens array
with a PDMS thin film; this thin film served as a
spacer with a thickness equal to the image distance.
For (ii), we fabricated PDMS spacers on the edges of
the lens array. The thickness of these spacers was
chosen to be equal to the image distance when the
lens array was operating in air. The layer of pho-
toresist to be patterned was placed on top of the spac-
ers; this configuration produced a uniform air gap
between the resist layer and the lens array [Fig. 5(a)].
Generally, it is easier to use PDMS spacers rather
than air gaps for uniform microlensing over large
areas, although the higher index (nppyg = 1.4) of
PDMS spacers can lower the convergence of the illu-
mination on the photoresist.

We fabricated an array of microlenses on two types
of transparent substrates: a rigid substrate of glass
and an elastomeric membrane of PDMS. An array
of microlenses fabricated on a rigid substrate gener-
ates an array of micropatterns with the patterns hav-
ing the same arrangement as in the plane of the
microlenses. This method has the advantage that
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Fig. 6. SEM images of plano—convex microlenses with different
shapes and arrangements. (a) A square array of 5-pm circular
disks of photoresist with a 15-pum pitch; (b) the disks of photoresist
were melted on a hot plate, and the reflow of photoresist formed a
curved surface; (c) a square array of 10-um plano—convex lenses;
(d) A5 pm X 5 wm array of cylindrical microlenses.

there is little variation in the lateral position of the
patterns. Elastomeric membranes offer the advan-
tage that they can pattern uneven or curved surfaces
to which rigid membranes cannot be applied, but
have the disadvantage that there is some variation in
the period in the in-plane registration of the mi-
cropatterns that is due to the elasticity of the mem-
brane.39

Figure 6 shows SEM pictures of representative mi-
crolenses fabricated by the reflow method described
above. Figure 6(a) shows an array of 5-um circular
disks of photoresist with a period of 15 pm. The
disks of photoresist were melted on a hot plate, and
the reflow of photoresist formed the curved surfaces
shown in Fig. 6(b). An array of plano—convex mi-
crolenses formed on cooling the substrate. Figures
6(c) and 6(d) show representative microlens arrays:
a square array of 10-pm plano—convex lenses and a 5
pm X 5 pm array of cylindrical lenses, respectively.

B. Photolithography

To carry out contact-mode photolithography, we
placed a PDMS membrane containing embedded mi-
crospheres or microlenses on a substrate spin coated
with 0.4-1.4-pm-thick positive-tone photoresist
(1800 series, Shipley, npg = 1.7); the membrane
made conformal contact with the resist. We used a
UV light source (Karl Suss mask aligner, Model
MJB3 UV400) to expose the resist for the experi-
ments through the membrane. This aligner is
equipped with a mercury lamp with emission peaks
at 365, 405, and 436 nm; PDMS is largely transpar-
ent in this region (Fig. 7). The aligner provides a
uniform, collimated illumination over an area >20
cm? with a variation of intensity <10%. After expo-
sure, the PDMS membrane was removed from the
exposed resist, and the resist was developed in a basic
solution of sodium hydroxide (Shipley 351, diluted 1:5
in 18-M(Q) water).

The surface topography of the photoresist was ex-
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Fig. 7. Absorption spectrum of PDMS. This spectrum shows
that PDMS (as a membrane ~1 c¢m thick) absorbs less than 5% of
incident UV illumination for the wavelength ranging from 365 to
436 nm. PDMS is transparent to UV light in this wavelength
range.

amined with a SEM microscope (LEO 982 digital
scanning electron microscope) operating at 1 keV.

3. Results and Discussion

A. Optical Elements without a Spacer on the Surface of
Microlenses

1. Photolithography with High-Index Microspheres
(ny > nppms)

Because npg (1.59) > nppyg (1.4), PS spheres embed-
ded in PDMS concentrate incident illumination on,
and generate circular micropatterns in, photoresist.
Figure 8(a) shows a ring-shaped pattern of photore-
sist generated by a single 3-pm PS sphere. With
crystallized microspheres, multiple light scattering
between spheres occurs; this effect can result in non-
circular patterns. Figure 8(b) shows a hexagonal
pattern of hexagonal holes on photoresist generated
by a 2-D crystal of 3-pwm spheres.

The importance of multiple scattering between
spheres depends on several factors: (i) the distance
between the spheres, (ii) the size of the spheres, and
(iii) the composition of the spheres and the surround-
ing medium. Ifthe distance between two spheres is
larger than three times the diameter of the spheres,
the effect of multiple scattering is usually sufficiently
weak to be neglected.’® For a 2-D crystal of spheres,
multiple scattering of light plays an important role in
generation of the pattern in the photoresist. Gener-
ally speaking, the smaller the spheres, the shorter
the distances between them and thus the stronger
the effect of multiple scattering.

Figure 8(c) shows arrays of circular holes produced
by a 2-D crystal of 1-um PS spheres. For spheres
much larger than the incident wavelength, multiple
scattering between spheres is weak, and the 2-D crys-
tal of spheres generates arrays of circular holes.
Figure 8(d) shows a pattern generated by a 2-D array
of 10-pm PS spheres. The pattern consists of an
array of circular holes with smaller triangular holes
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Fig.8. SEM images of four representative patterns on photoresist
generated by use of PDMS membranes with high-index spheres
(PS spheres) embedded close to its surface (¢ = 0). (a) A ring-
shaped micropattern generated by an individual 3-pm PS sphere,
(b) a triangular array of hexagonal holes generated by a 2-D crystal
of 3-pm spheres, (c) a triangular array of circular holes produced by
a 2-D crystal of 1-um PS spheres, (d) a pattern generated by a 2-D
crystal of 10-pm PS spheres.
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Fig. 9. SEM images of three representative patterns on photore-
sist generated by use of PDMS membranes with low-index spheres
(air or silica spheres) embedded in the surface. (a) A pattern
generated by an individual 1-pm air sphere, (b) a pattern gener-
ated by a triangular array of 1-pm air spheres, (c) a pattern gen-
erated by a 2-D hexagonal crystal of 1.4-um silica spheres.

between three neighboring circular holes. Each tri-
angular hole was produced by the gap between three
neighboring spheres by the interference of incident
light and light scattered from the three spheres.

2. Photolithography with Low-index Microspheres
(ns < nppms)

Microspheres with an index smaller than that of the
surrounding medium cause the incident illumination
to diverge. The divergent light may enter neighbor-
ing spheres and contribute to multiple scattering:
Low-index spheres cause stronger multiple scatter-
ing than do high-index spheres. We used two types
of low-index sphere for our experiment: air spheres
and silica spheres. The contrast of refractive indices
between air spheres and PDMS (n,;:nppus = 1:1.4)
is higher than that between silica spheres and PDMS
(ngio, mppms = 1.37:1.4).  Figure 9(a) shows a typical
pattern generated by a single 1-pm air sphere. The
width of the rings (220 nm) depends on resist thick-
ness and exposure time. Figure 9(b) shows a pat-
tern of an array of hexagons generated by a
hexagonal array of 1-pm air spheres. Silica spheres
do not concentrate light as well as PS spheres; they
generate hexagonal or circular frames instead of deep
holes in positive resist. Figure 9(c) shows a honey-
comb pattern generated by a 2-D array of 1.4-pm
silica spheres.

3. Lift-Off with Thin Films of Metals

Micropatterns produced by this technique can be
transferred into metallic thin films by lift-off. Fig-
ure 10 shows patterns of thin films of metals formed
by evaporation of Ti/Au onto patterned photoresist,

Si 35-nm Au/5-nmTi Si 35-nm Au/5-nm Ti
@ (b)

S SOp.m

-

Si  35-nmAu/5-nmTi Si

35-nm Au/ 5-nm Ti
© (d

Fig. 10. SEM images of patterns of metal thin films (35-nm Au on
5-nm Ti) formed by lift-off of photoresist. The resist layer was
patterned with PS spheres for photolithography (¢ = 0). (a) A
pattern generated by a 1-um PS sphere; (b) a pattern generated by
a 2-D array of 1-pm PS spheres; (c) and (d) patterns produced with
3- and 10-pm PS spheres, respectively.
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Fig. 11. SEM images showing a comparison between patterns of
photoresist generated with PDMS membranes with and without a
spacer between the embedded spheres and the surfaces of the
membranes. (a) and (c) Arrays of micropatterns produced by em-
bedded 2-D crystals of 3-pm spheres: (a) without a spacer and (c)
with a 3-pum PDMS spacer. (b) and (d) Arrays of micropatterns
produced by 2-D crystals of embedded 10-pm PS spheres embed-
ded in PDMS: (b) without a spacer and (d) with a 10-um PDMS
spacer.

followed by a lift-off of the photoresist in acetone.
Figure 10(a) shows a pattern generated by a single
1-pm PS sphere. The patterns shown in Figs. 10(c)
and 10(d) were produced with 3- and 10-pm PS
spheres, respectively. Periodic patterns in metal
thin films are useful in applications such as
frequency-selective filtering.1-3

B. Pattern Generation by Exposure on Different
Image Planes

An array of microlenses generates different optical
patterns on different image planes. We can produce
different optical patterns from the same array of mi-
crolenses by positioning the layer of photoresist at
different distances from the array of microlenses.
Figures 11(c) and 11(a) demonstrate the difference
between patterns generated by arrays of 3-um PS
spheres with and without a 3-um PDMS spacer.
The membrane with the spacer generated arrays of
smaller holes [Fig. 11(c)], because of the focusing of
light by the microspheres. Figures 11(b) and 11(d)
show similar results generated by 10-um PS spheres,
without and with a 10-pum-thick PDMS spacer.

C. Wedge-Shaped Membranes

Figure 4 indicates that the top surface of a wedge-
shaped membrane refracts the incident illumination
to an angle B. The embedded spheres project the
deflected incident light obliquely onto the substrate.
The oblique exposure on photoresist generates uni-
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Fig. 12. SEM images of patterns on photoresist generated by use
of wedge-shaped PDMS membranes (6 = 45°) with a 2-D crystal of
PS spheres embedded in the surface. (a) A horseshoe-shaped pat-
tern generated by an individual embedded 3-pm PS sphere. (b)
and (c) Arrays of micropatterns produced by embedded 2-D crys-
tals of PS spheres by (b) 3-pum spheres and (c) 1-pm spheres.

form arrays of distorted, noncircular features. Fig-
ure 12(a) shows a horseshoe-shaped pattern in
photoresist generated by a 3-um PS sphere embed-
ded in a wedge-shaped membrane. Patterns shown
in Figs. 12(b) and 12(c) were generated by wedge-
shaped membranes with embedded arrays of 3- and
1-pm PS spheres, respectively. These patterns are
uniform over a large area and may be useful in ap-
propriate applications such as frequency-selective fil-
tering.40

D. Tilted Membranes in Contact with Substrates

Figure 13 shows a flat PDMS membrane in contact
with a resist layer and tilted at an angle 6; this ge-
ometry results in an oblique illumination of the mi-
crospheres and the photoresist. The deflected UV
light is incident on the spheres at an angle y = sin™*
(sin 6/nppms). Here, 6 ranges from 0° to 90° and
nppums ~ 1.4; vy therefore varies from 0° to ~45°. This
simple procedure allows deflection of UV light over
angles between 0° and 45°. The microspheres cause
the light to converge onto or diverge from the pho-
toresist at an angle also equal to y. The oblique
exposure generates patterns in photoresist that do
not have a symmetry axis (Fig. 13). Figure 13(a)
shows a pattern produced by a single 1-um PS sphere
with the sample tilted at 50°. Figures 13(b) and
13(c) show patterns produced by a hexagonal array of



Fig. 13. SEM images of patterns on photoresist generated by
oblique illumination. (a) A pattern generated by an individual
1-pm PS sphere embedded in a PDMS membrane tilted at 50°.
(b) and (c) Patterns generated by a 2-D crystal of a 1-um PS sphere
embedded in a PDMS membrane tilted at different angles: (b)
tilted at 50° and (c) tilted at 70°. (d) A pattern generated by an
embedded 2-D crystal of 3-pm PS spheres with a 3-um spacer; the
PDMS membrane was tilted at 70°.

1-pum PS spheres with the substrates tilted at differ-
ent angles during exposure. We generated the pat-
tern shown in Fig. 13(b) by tilting the substrate at 50°
for exposure, whereas the pattern in Fig. 13(c) was
produced at 70°. The larger tilt angle in Fig. 13(c)
resulted in narrower features (~100 nm) between
neighboring holes. Figure 13(d) shows a pattern of
an array of elliptical holes generated by a hexagonal
array of 3-pm PS spheres with a 3-pm-thick spacer
on the surface. We generated this pattern by tilting
the substrate at 70° for exposure.

E. Photolithography by use of an Array of
Plano-Convex Microlenses

A square array of circular plano—convex lenses fo-
cuses the incident illumination into the photoresist
and generates a square array of circular holes with
diameters smaller than the lenses. Similarly, a len-
ticular array can produce an array of parallel lines
narrower than the width of the lenses on its focal
plane.

The patterns produced by plano—convex lenses also
depend on the image distance. We used two meth-
ods to adjust the image distance: (i) We fabricated a
transparent spacer on top of the microlens array with
the thickness of the spacer equal to the image dis-
tance, and (ii) we fabricated thin-film spacers on the
edge of the lens array to generate a uniform air gap
between the lens array and the resist layer. Figure

Fig. 14. SEM images of patterns generated by arrays of plano—
convex microlenses. (a) A pattern generated by a square array of
10-pm plano—convex lenses [Fig. 6(c)] with a 13-pm air gap. The
image distance is 10 pm. (b) An array of parallel trenches in
photoresist produced by the 5 pm X 5 pm array of cylindrical
microlenses [Fig. 6(d)] with a 5-pm air gap. (c) and (d) Patterns
generated with the 5 pm X 5 pm grid lens shown in Fig. 2(a) with
different spacers: (c) without a spacer and (d) with an 8-pm
PDMS spacer coated on the grid lens.

14 shows the patterns generated by arrays of plano—
convex microlenses. Figure 14(a) shows the pattern
generated by a square array of 10-um plano—convex
lenses [Fig. 6(c)] with a 13-pm air gap. The pattern
of parallel trenches in photoresist shown in Fig. 14(b)
was generated with the 5 pm X 5 pm array of cylin-
drical lenses shown in Fig. 6(d) with a 5-pm air gap.
Figures 14(c) and 14(d) show a comparison between
the patterns generated with the 5 pm X 5 pm grid
lens shown in Fig. 2(a) with different PDMS spacers.
Figure 14(c) shows the pattern produced when we
placed the grid lens on top of the photoresist without
a spacer for exposure. The pattern shown in Fig.
14(d) was produced by an 8-pm PDMS spacer be-
tween the microlenses and the photoresist.

4. Conclusions

Use of 2-D arrays of microlenses can cause incident
illumination to converge or diverge and can generate
2-D periodic optical patterns. We used 2-D arrays of
microlenses for photolithography and demonstrated
that the lens arrays can generate 2-D arrays of uni-
form micropatterns over areas of several square cen-
timeters. In principle the size of the area that can
be illuminated in parallel is limited only by the mem-
brane and the uniformity of the flood illumination.
We used two types of microlense: transparent mi-
crospheres and fabricated plano—convex microlenses.
Self-assembled 2-D arrays of microspheres act as
dense-packed arrays of microlenses and generate
hexagonal dense arrays of micropatterns. Because
we used high-precision microspheres (variation in di-
ameter <3%) for the experiment, the micropatterns
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produced in photoresist are uniform. Although use
of microspheres offers the advantage that it produces
dense arrays of uniform micropatterns, there are also
disadvantages. For example, there are often defects
and grain boundaries in the 2-D crystals of spheres
and thus in the corresponding micropatterns.3?” In
our experiments, we made defect-free monolayers of
microspheres with an area larger than 2 mm?. It is
technically difficult to produce defect-free monolayers
with an area >1 cm?. It is also difficult to produce a
monolayer with uniform spacing between neighbor-
ing spheres over an area >1 mm?.

Use of fabricated plano—convex microlenses can
produce arrays of micropatterns with a variety of
shapes and with a variety of arrangements other
than hexagonal arrays. Although these lens arrays
produce uniform micropatterns over areas >4 cm?, it
is not easy to use these lens arrays to generate dense
patterns with submicrometer features. To produce
such patterns requires use of dense arrays of micro-
lenses with the size of each lens <10 wm. The fab-
rication of such arrays of lenses is technically routine
although expensive.

The topography of the micropatterns produced by
this technique also depends on the properties of the
incident illumination, such as its polarization, coher-
ence, and intensity distribution. For example, mi-
cropatterns generated by high-numerical-aperture
lenses or microspheres are influenced by polariza-
tion.#* Coherent illumination would result in inter-
ference of the scattered light produced by neighboring
spheres. This interference would generate ripples
in the areas between micropatterns. The broadband
light source we used for exposure causes chromatic
aberration in the micropatterns. The short optical
path between the lens array and the photoresist re-
duces the separation of light components of different
wavelengths and thus minimizes the blurring of the
micropatterns produced in the photoresist. For sim-
plicity, we restricted the investigation to the case of
unpolarized, partially coherent illumination.

We believe that 2-D arrays of micropatterns pro-
duced by this technique will be useful for applications
requiring simple and repetitive arrays, e.g., in
frequency-selective surfaces,-3 flat-panel displays,?:8
color filters, gratings, memory devices, sensor ar-
rays,*2 and biochips. Conventional photolithogra-
phy can be used to fabricate these arrays, but it is a
relatively complicated technology, especially when
large areas are required.® The technique we outline
here is both simple and inexpensive and is potentially
attractive where lateral resolution can be traded
against cost.
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