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Microlens arrays with integrated pores as a multipattern photomask
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Photolithographic masks are key components in the fabrication process of patterned substrates for
various applications. Different patterns generally require different photomasks, whose total cost is
high for the multilevel fabrication of three-dimensional microstructures. We developed a photomask
that combines two imaging elements—microlens arrays and clear windows—in one structure. Such
structures can be produced using multibeam interference lithography. We demonstrate their
application as multipattern photomasks; that is, by using the same photomask and simply adjusting
(i) the illumination dose(ii) the distance between the mask and the photoresist film(ijndhe

tone of photoresist, we are able to create a variety of different microscale patterns with controlled
sizes, geometries, and symmetries that originate from the lenses, clear windows, or their
combination. The experimental results agree well with the light field calculatior#Z)0® American
Institute of Physicg DOI: 10.1063/1.1926405

Fabrication techniques for integrated circuits often relyfocused by the microlens array to transfer, for example, mac-
on a patterned photoresist layer to protect underlying strucroscopic figures on the mask into multilevel microstructures
tures during etches and material depositions. Forming th& the photoresist on a planar substrate. While this approach
desired structure on the photoresist layer involves passingllows controlling the size of the generated features, only
light through a mask, which has a pattern of opaque chromene pattern determined by that on the original photomask can
regions that block portions of the wave front of the light for be created. In this article, we describe a photomask design
each exposurtln a production of an IC with a sequence of that integrates an array of microlenses with a pattern of clear
different two-dimensional2D) vertical levels, wherein the windows in one element, which can be used as a “multipat-
structures and/or sizes vary with the fabrication level, a set ofern” photolithographic mask to directly and efficiently pro-
different chrome masks is required to form each of the dif-duce variable microstructures of different sizes in a single
ferent layers using conventional projection lithography. Theexposure. This can be achieved by changing the dose, the
masks for lithographic processes are expensive to fabricatdevelopment conditions, the spacing between the mask and
and therefore, mask costs can be a significant portion of ththe resist, and the tone of the resist without using a number
total cost for the multilevel fabrication process of micro- of costly lithographic masks. We demonstrate, for example,
structures. Furthermore, it requires precision optical systemthe ability to generate a hexagonal pattern of variable sizes, a
and steppers in both vertical and horizontal repositioning anthoneycomb structure, or a combination of the two that origi-
registration. nate from the lenses or/and windows in the photomask.

An alternative route to multilevel structures is the gray =~ The photomask desigfFig. 1(a)] was inspired by the
scale lithography techniqufelt uses a gray scale photomask structure of a biologically formed porous microlens array
that can modulate the light intensity according to the level§Fig. 1(b)].° Brittlestars were shown to use this element as a
of gray and create multilevel features in a single exposurgunable optical device: The lenses demonstrate remarkable
without the need for multiple photomasks and alignmentfocusing ability and guide light onto photosensitive nerve
steps. Typically the size transferred to the photoresist is thgundles, while a pore network surrounding the lenses is in-
same as that in the mask. For micrometer periodicity, a revolved in the regulation of light intensity by pigment trans-
duction photolithography procéstas been developed that port. We anticipated that the unique combination of both
uses gray scale masks in combination with microlens arraysunctional elementsiensesand clear windows in one pho-
Microlenses are widely used in optical telecommunicationtomask would project different light patterns from lenses and
devices that image, actuate, and couple lightrays of  pores, respectively, on a photoresist layer. Moreover, by
stacked microlenses have been used as a lithographic methggrying the light dose and/or the distance between the porous
to reglicate patterns from photomasks into a photoresisfnicrolens arrays and a photoresist, one could control the
layer” In the reduction lithography process, the projectedfeature sizes and/or the symmetry of the produced pattern
light passes through the gray scale photomask, and then fgigs. 1c) and 1d)].

The microlens arrays with integrated pores were fabri-

3Electronic mail: shuyang@seas.upenn.edu cated by three-beam interference lithography in a single ex-
PElectronic mail: jaizenberg@Iucent.com posure from a negative tone photoresist, S®m Shell
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FIG. 1. (Color online Biomimetic porous microlens array as a multipattern
photomask.(a) Scanning electron micrografliSEM) of a microlens array
with integrated clear windows fabricated using multibeam interference li-
thography. Scale bar, bm. (b) SEM of a biological porous microlens array
formed by photosensitive brittlestars. Scale barw®0. (c) Schematic pre-
sentation of a photolithographic experiment with the porous microlens
mask.(d) Schematic presentation of the photomask action at different dis-
tances from photoresis$t and different light intensities. For | <I, only
features under the lenses are expeé¢gwbwn as the bold lingsTheir size

a will depend on the distance from the focal pofnfor| > 1, the features
under the lenses will be surrounded by the features originating from th
windows (shown as the dotted lingsFor h>2f, only features under the
windows are expected.

FiG. 2. Examples of photoresist patterns generated using the porous lens
arrays as photolithographic maska)—(e) from positive tone resists ar(f)

from a negative tone resista) | <ly, h~f; (b) 1 <ly,, h<f; (c) I>1y, h

~f; (d) I >1y, h<f; (e) | > 1, h>2f; and(f) I <l, h~f.

Chemicalg.” Multibeam interference lithography has been
shown as a fast, simple, and versatile approach to create 2facked hole$Figs. 2a) and Zb)] that closely matched the
and 3D periodic dots or porous microstructures defect freenicrolens array in the madlsee Fig. 1a)]. The size of the
over a large are&™ In our experiment, we fine tuned the features in the resist layercan be effectively controlled by
beam polarization, such that the periodic variation in the inplacing transparent PDMS spacers with different thickress
tensity of light in the interference pattern introduced a con-between the lens and the resist film. The diameter of the
tour of a lens in the highly exposed regions, while the unexgenerated holes in the photoresist gradually changed from
posed or very weakly exposed areas formed pores after3 um to a minimum value o~700 nm whenh was in-
developmenf.We can control the lens sizeiameter of 1.5 creased from 1 to &m.ll The minimum dose to realize
to 4.5 um, height of~200 nm to 1.0um) and shape, as well patterns under the lensés., holes near the focal point at a
as the symmetry and connectivity of the pattern by adjustinglistance of~8 um) was ~2 mJ/cnf, while normally the
the beam wave vectors and their polarizations, while the pordose of>40 mJ/cm is needed to produce a good feature in
size and porosity are determined by the laser intensity anthe photoresist using a conventional chrome mask.
exposure timgporosity of about 10% to 80¥%An exem- For the illumination dose set above the lithographic
plary structure comprising a hexagonal array of lenses anthreshold intensity of photoresiét>l;,), we generated pat-
pores is shown in Fig.(&). The detailed interference lithog- terns originated from both the lenses and the wind[fvigs.
raphy procedure can be found in the literat(fEhe lenses 2(c) and 2d)]. The relative sizes of the features formed from
measured in an atomic force microscqpd-M) appeared to the lenses and pores are controlled by the distance between
be semispherical, with a height of 820 nm and a periodicitythe lens structure and the resist film. Wher I, and h
of 5 um. Figure 1c) provides a schematic illustration of a >2f, we observed a honeycomb structure originated from
lithographic experiment, in which a photoresist film was il- the light coming through the pores orllifig. 2(e)]. The mi-
luminated through thus fabricated photomask. croscale honeycomb structures are of interest as 2D photonic
We first investigated the fabrication of microstructures incrystals with a large band gap.
a positive-tone photoresist through the porous microlens ar- A variety of microstructures can also be formed when
rays. A 1um-thick film of AZ5209 (from Clariant Interna- using a negative tone resi&t.g., SU8. We observed hex-
tional Ltd.) was spun on a glass substrate, followed by castagonally packed dots that corresponded to the hexagonal lens
ing a film of poly(dimethylsiloxang (PDMS) on top of the array in the mask, wheh<Iy, [Fig. 2f)]. By adjusting the
resist as a transparent spacer. The mask attached to a gld#smination dose above;, and the distance between SU8
substrate was then placed directly on the PDMS spacer faind the mask, a pattern of a hexagonal array of dots of one
conformal contact. The wavelength of exposure light wassize surrounded by six dots of a different size could be
365 nm. When the illumination dose is fixed slightly below formed. The structures generated in negative resists had a
the sensitivity threshold of the photoresikt), no pattern is  lenslike profile, while their size was reduced compared to the
expected to originate from the light passing through the cleasize of the original lenses in the photomask. The contour of
windows, while the focusing activity of the lenses enhanceshe newly formed lenses can be further modulated by the
the light field near focus to surpass the resist threshold intemonlinear response of a chosen negative resist system to the
sity. Indeed, forl <ly, features in photoresist were selec- dose, its polymerizability and the solubility contrast during

tively generated under the lenses, showing hexagonallyesist development.
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®) I<L,h~f e radius of the curvature of the junction and therefore their
o ! focal distancef; are small compared to the corresponding
tens x J° lens valuef. As a result, the light produced by the junctions
D . —=1 at the distances of interest:f) is diffuse and its contribution
,,—“ . /: to the final pattern formation is negligible. The fact that the
T calculation and experiment agree well suggests that the
model we propose is indeed a good approximation of the real
© r<pyh~f @ rop,her © I>I,h<f structure, and captures all significant features of the photo-
L e~ e I mask that contribute to the generated pattern size and sym-
‘ metry.
In conclusion, we have developed a photomask design
that integrates two types of imaging elemefigar windows
| | and lensesinto one structure. We demonstrated that this
8 o o ) structure could be applied as multipattern photolitho-
graphic mask capable of producing structures with variable
FIG. 3. Calculated light field profiles generated by the porous microlensSizesand patterns, a feature which is not achievable using
array in a lithographic experiment at different illumination doses and dis-traditional, gray scale, or reduction lithography approaches.
e oot 1ok oaueos by e vt o -t oy Perdcular,dierent patterns with contrlled sizes, goom:
I <ly, h~f; (c)—(e) 3D Iighﬁ intensity groﬁles generated for Iy, hp~f étry' topography_ and Sym.metr.y C‘i‘” be formed using a single
(©); 1>1y,, h~f (d), andl >1y,, h<f (o). mask, by choosingi) the illumination dose below or above
the lithographic threshold, and therefore the light intensity
reaching the photoresist film through the lenses versus the

porous lens array photomask, we simulated the light intensit oorreessi;;s(t") tf)hesgllsz?ir\]/gf begxz(::t;he;ﬁgfﬂi”ﬁgrﬁn?h;heleﬁzg's
distribution from both pores and lenses using simple Fourier ' o Y d P : .
optics (Fig. 3 12 The lens was assumed to be diffraction and/or the pores; andi) the tone of the photoresist to obtain

e / ; . L : either holes or dots in positive or negative tone resists, re-
limited at its focus and the light field to be an airy ring given . o .

. - spectively. This lithographic method may represent an attrac-
by the following equation:

tive approach for fast and mass production(sifihmicron,
I =1[23,(kra/h)/(kra/h) T2, (1) periodic structures at a low cost.
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To quantitatively study the lithographic process with the
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