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This Feature Article reviews recent work on an optical technique for fabricating, in a single exposure step,
three-dimensional (3D) nanostructures with diverse structural layouts. The approach, which we refer to as
proximity field nanopatterning, uses conformable, elastomeric phase masks to pattern thick layers of transparent,
photosensitive materials in a conformal contact mode geometry. Aspects of the optics, the materials, and the
physical chemistry associated with this method are outlined. A range of 3D structures illustrate its capabilities,
and several application examples demonstrate possible areas of use in technologies ranging from microfluidics
to photonic materials to density gradient structures for chemical release and high-energy density science.

1. Introduction etries, slow speeds, applicability only to relatively small areas,
Capabilities for fabricati h di ional (3D complex experimental setups, and uncertain yields and defect
apabilities for fabricating three-dimensional (3D) nano- e gities. Our recent work, summarized in this Feature Article,
structures are important for many areas of technology including geers 1o establish a different approach to 3D nanofabrication
microfluidics!—3 sensorg,photonics}~7 electrodes in fuel cell3, that avoids some of these problems. The goal is to establish
i ,10 12 . N - ”
cg(;alyst ca(rinerg, datﬁ sftorafgél, “and marl]ny others. The TOSt patterning capabilities that complement other methods in a way
widespread approach for forming such structures relies on . can enable certain important applications. The technique
sequential, r_epeated a_lpphcatlons of pr|mar|l_y two-dimensional involves single or multiphoton exposure of thick, transparent
(2D) patterning _techmques, such as photollthogréblffyand photosensitive materials through soft, elastomeric subwavelength
electron beam lithographi;14 followed by selective removal phase masks in conformal contact mode geometfids.We
of sacrificial resist materials. The high levels of engineering roter 1o this method aproximity field nangatterning (PnP),
sophistication and the deep, basic physical understanding ofy,q (4 jts use of optical effects that occur in proximity to the
these 2D approachgs lead to extremely powgrful manUf,aCtu”ngmasking element. This Feature Article provides an overview
pf‘forms fqrrhc_ertaln l_estgbllshed?’gewces n eleﬁtronlcs and ot the process, with discussions of key aspects of the associated
photonics. Their application to structures, however, Is optics, physical chemistry and materials science. Diverse classes
difficult due to the layer-by-layer strategies that. are required. of periodic, aperiodic, and even quasi-crystalline 3D nanostruc-
As a result, many groups have explored alternative, unconven-y ...« qemonstrate some of the patterning capabilities, with

tional t.eChIn'q_LlfﬁS that r(]:a_n form f% nanostruztures mgre application examples in microfluidics, photonics, high-energy
conveniently. Those techniques include approaches based ofyencir science, chemical release and others.

colloidal self-assembl§15-18 phase separation of polyméfs?!
template-controlled growtt,23 self-assembly in fluids?25 2. Proximity Field Nanopatterning

holographic based lithograpf§,2° controlled chemical etch- 2.1. Overview of Approach. The PnP proced%involves
ing,303! direct-write techniques based on multiphoton expo- three components: (i) a light source, which determines the
sured!-3233and filamentary ink$;**and many others. Each of  wavelength, the intensity, and the angular and spectral band-
these techniques provides important capabilities for fabricating width for the photoexposure, (i) a soft, elastomeric phase mask,
various classes of 3D structures that would be difficult or which represents all of the necessary optics, and (i) a
impossible to produce effectively using established methods. photosensitive material capable of forming a solid structure in
Nevertheless, none provides a complete solution to the challengethe geometry of the 3D distribution of intensity created by
of 3D nanofabrication, due to various combinations of disad- passing exposure light through the mask. Figure 1 contains a
vantages that include limited flexibility in the structure geom-  diagram outlining the steps. The process begins with casting of
a layer of the photosensitive material onto a substrate. This layer

+ Corresponding author. E-mail: jrogers@uiuc.edu. is typically a solid film, although backside exposifesr

. Bﬂ:xgg::y 8; mgx';exico specialized masks enable the use of liquids. Next, placing the
§ Sandia Nyational Laboratory. elastomeric phase mask against the film leads to atomic scale,
#Lawrence Livermore National Laboratory. conformal contact due to the action of generalized adhesion
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forces (primarily van der Waals interactiof&s)** without
external application of pressure. The mask has structures of
surface relief that modulate the phase of transmitted light by a
magnitude and in a spatial geometry defined by the layout and layer in the region next to the mask. This intensity distribution
depth of the relief, and by the index of refraction of the extends from the near surface region of the mask (i.e., within a
elastomer. This spatial phase modulation creates a 3D distribu-wavelength; the near field region) to distances of many
tion of intensity that patterns the exposure of the photosensitive wavelengths (i.e., the region in proximity to the surface of the
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Engineering at University of lllinois at Urbana-Champaign, with Figure 1. Schematic illustration of process steps for a procedure,
appointments in the Departments of Materials Science and Engineering,referred to as proximity field nanopatterning (PnP), that uses high-
Electrical and Computer Engineering, Mechanical Science, and Engi- resolution conformable, elastomeric phase masks to produce three-
neering and Chemistry. Rogers research includes fundamental andgimensional (3D) nanostructures. (a) Placing such a mask on the surface
applied aspects of nanoscale and molecular scale fabrication, material,f 5 sojid film of a transparent, photosensitive material leads to intimate,
and patterning techniques for large area electronics, and unusualggntormal contact driven by generalized forces, without applied
photonic systems. pressure. The inset shows an optical image of the phase mask as it
establishes such contact. (b) Passing light through the mask generates

mask) and up to several millimeters away, limited only by the & complex intensity distribution throughout the thickness of the film.
size of the mask and the diameter and coherence of the exposurghe inset shows a 3D rendering of the intensity measured by near field

R . h K followi hi d th Scanning optical microscopy for the case of a mask that has relief
source. Removing the mask following this exposure, and then g4 res in the geometry of a square array of cylindrical posts with

developing away the regions of photosensitive material that were giameters of 375 nm, heights of 420 nm, and periodicity of 566 nm.
(or were not, depending on the chemistry) exposed to light (c) Washing away the parts of the photosensitive material that were
completes the fabricatioit. The 3D structures formed in this  (or were not, depending on the chemistry) exposed yields a 3D
way can be used directly in applications or they can template nanostructure. The inset shows a scanning electron micrograph of a
the deposition or growth of other materials. typical example.

The soft, elastomeric phase mask represents an unusual typeéhe techniques of soft lithograpi§546 The polymers are
of optical element that is central to the PnP method. These maskdypically commercially available elastomers based on polydim-
can be formed easily by casting and curing liquid prepolymers ethylsiloxanes (PDMS; Sylgard 184, Dow Corniffg)é or
against suitable structures of relief, known as “masters”, using perfluoropolyethers (PFPE; CN4000, Sartomer Co., Hf).
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These materials are useful due to their optical transparency down
to wavelengths 0f~250—-300 nm and their ability to replicate
accurately features of relief in the “masters” with dimensions
down to ~1 nnP~53 Also, their moderate to low Young's
moduli (i.e., between 1 and 10 MP&j°enable soft, conformal
contact of the mask with the photosensitive layer and, therefore,
repeatable alignment of the optical element with respect to the
photopolymer surface to nanometer precision without the use
of elaborate staging systems, as demonstrated previously with
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these types of mask in two-dimensional photopatterning n
methods*~56 This type of reversible and nondestructive physi-

cal contact has other important features. In particular, it provides 1
(i) a continuous, gap-free optical coupling between the mask 208
and photosensitive layer, thereby enabling the regions in £ 06
proximity to the mask to be used reliably for optical patterning, E 04
(ii) simple experimental setups in which additional position 02

control systems (for the out of plane direction) and optical 0
elements (i.e., imaging lenses, etc) are not required, (iii) an
insensitivity to acoustic or mechanical vibrations during optical
exposure, due to the physical contact between the mask and
photosensitive material, (iv) relaxed requirements on the coher-
ence of the exposure source due to the proximity geometry,
thereby enabling 3D patterning even with incoherent light from
alamp, and (v) the ability to exploit either single or multiphoton
effects for patterning, using the same setups with suitable light
sources.

These features lead to levels of patterning flexibility and
experimental simplicity that make PnP attractive for many
applications. In particular, various schemes for performing PnP
enable structures with unusual directionafityand spatial
gradients in feature sizé&in simple or complex geometries
ranging from purely periodic to completely aperiodic layouts
and many possibilities in between, including even quasi-
crystalline arrangemen$§.41 As summarized in this paper, we
have experimentally demonstrated many of these capabilities 0 2 4 6
and explored the use of PnP for various applications in il
microfluidics (passive mixers and fi|ter§'§,,37 photonics (pho_ Figure 2. Near field o_ptica_l measurements and simulatior!s (left hand
tonic band gap, PBG, materiafé)high-energy density science ~ Parts of (a) and (c); lines in (b) and (d)) of the propogation of laser
(reservoir targets for shockless laser compressiband chemi- light (442 nm, TM polarization; HeCd) through line grating, surface

48 relief phase masks with different periodicities. Schematic layouts of
cal/drug release scaffolds.These and other aspects are sUM- e masks appear at the tops of the graphs and images. (a) and (c)

marized following descriptions of the optics, masks and images for masks with line widths and spacings of 300 nm and of 4.4
photosensitive materials. and 5.6um, respectively. (b) and (d) line cuts of the simulations (full
2.2. Optics.The complex 3D intensity distributions that form  line) and measurements (dashed line) for (a) and (c), respectively,
upon passage of light through the phase masks can beevaluated at positions indicated by the dashed lines in these frames.
understood by first considering the simplest case of monochro- .
matic plane waves and masks that consist of parallel raised and 1 "€ Talbot effect can be observed clearly through direct
recessed regions of relief, in the geometry of a line grating. measurements of the distributions of intensity with a near field
Such a setup exhibits characteristics of a well-known optical Sca@nning optical microscope (NSOM; WITec, Inc). Figure 2a
phenomenon called the Talbot effect, or self-imagfingf effect. shows such results for a line grating mask witk= 600 nm
Here, an image (i.e., distribution of intensity) that forms at any 2nd @ relief depth (RD) of 330 nm when illuminated with a
given distance from the surface of the mask repeats, or recurs 1eCd 1aser at a wavelength of 442 fifriLhe lateral dimensions
at an integer multiple of the Talbot distance away from the mask ©f the lines in this grating are smaller than the incident
surface. The Talbot distancgr, is given by8-61 Wave[ength, which Iead§ to a type of effec'tlve sqbwavelength
focusing that creates high- and low-intensity regions near the
2 surface of the mask at the raised and recessed features of relief,
Z; =+22_p (wheni/pis small) (1) respectively. This image repeats, consistent with the Talbot
1—(1—A%pA)°* A effect and eq 1, at distances equal to integer multiples of 1365
nm. Figure 2b provides linecuts from the NSOM measurements
where/ is the wavelength of light in the media it propagates (dashed line) in Figure 2a. Finite element modeling (FEM)
andp is the periodicity of the grating. Although the details of (FEMLab, Comsol, Inc.) of the optics quantitatively reproduces
the distributions of intensity depend on many factors that do these observations, as illustrated in Figure 2a (left inset) and
not appear explicity in eq 1, this simple Talbot effect, and related 2b (solid line)?¢ The situation is more complex for line grating
phenomena such as the fractional Talbot efféexplain the masks with larger periods. As an example, parts ¢ and d of
periodicity and basic features of the variations in intensity with Figure 2 show measurements and modeling for a mask pvith
distance from the surface of the mask. = 10um and RD= 1.42um. In this case, the Talbot distance

Distance (um)

1
o ‘

’f

Intensity
©c o oo
o N b O @ =
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is ~450um, which is sufficiently large that only the fractional
Talbot planes appear within the field of view of Figure 2. As X
for the case of the short period grating, FEM modeling Y VZos

quantitatively captures all of the details of the experimental
observation$®

The Abbe theory of image formatiétprovides an alternative =
view of the optics’® In this picture, the masks create multiple
beams of light by diffraction. Although spatially separated in
the far field regime, these beams overlap and coherently interfere
in the region near the mask to produce the distributions of
intensity that are involved in the exposure. For the case of the
short period mask of Figure 2a, only three diffracted beams
(i.e., the Oth ,+1st, and—1st orders) appear in the far field;
the interference of these three beams leads to the relatively
simple patterns illustrated in Figure 2a,b. The long period mask
of Figure 2c, by contrast, generates 45 diffracted beams whose
overlap creates a complex distribution with a corresponding
number of spatial Fourier components. A computational ap- X

proach based on the Abbe picture can complement the FEM

technique mentioned previously. Such calculations involve

determining the angles, intensities, phases, and polarization Y

states of beams produced by far field diffraction and then _

computing the interference patterns that result from overlap of Z=700 nm

these beams. This approach reproduces the observed patterns,

consistent with FEM, but in a more computationally efficient

manner>56Disadvantages include a neglect of near field effects

(rarely important for PnP), and a limited ability to compute

results efficiently for aperiodic or quasicrystal phase masks

where the numbers of diffracted beams can be very large. 7=13
The Abbe method is extremely well suited for masks that =1 Hm

consist of two-dimensional repeating structures of relief. Rigor-

ous coupled wave analysis (RCWA) (Gsolver, Grating Solver

Development Co.) yields the far field diffraction patterns, and

separate codes determine the patterns of intensity that result

from overlapping the diffracted bear?s.Simulations and

measurements corresponding to a phase mask that consists of a 7=2 9 um
square array of posts (diametdr= 1000 nm, RD= 420 nm,

andp = 1570 nm) provides an example of this approach. Figure

3 (top frame) illustrates a 3D rendering in the form of a solid

structure that results from the application of a cutoff filter to

the intensity distributiod® The bottom frames in Figure 3

provide a comparison between simulation and NSOM results

at different distances from the mask, illustrating a good level _

of agreement? Z=3.5 pm
2.3. Elastomeric Phase MasksPnP relies on high-quality

phase masks that are simple to fabricate and capable of achieving )

the necessary conformal contact. Transparent elastomers of the Modeling NSOM

type that have been traditionally used for soft lithograip Figure 3. Simulations and measurements of 3D distributions of
are attractive for this purpose because optimized materials canintensity formed by passage of 442 nm laser light (HeCd) through a

reproduce, through casting and curing processes, relief structure®hase mask (polyurethane; refractive index of 1.56) that consists of a
on a “master” with fidelity down to the single nanometer S44a'€ arr?y of rourll_c(ij holzd € 10?0h”m1 RDIZ 4d23.”".‘k3p = 1570 g
€50-53 Furthermore, this casting and curing process can be p; (T0P ffame) solid rendering of the simulated distribution, create
range- ' g gp by application of a cutoff filter to the data. (Bottom frame) simulated

repeated many times with a single “master” to create many high- (left) and measured (right) intensity distributions evaluated at different
quality phase masks, each of which can be used multiple times.distancesZ) from the surface of the mask.

The “masters” for PnP typically consist of patterns of photoresist

formed by deep ultraviolet projection mode photolithograghy. mask materials, this depth corresponds to a distance on the order
The resulting masks involve a single depth of relief across their of one wavelength of the exposure light.

entire surfaces and are referred to as binary phase masks. Most of our work involves binary masks made of elastomers
Multilevel masks can be created either by stacking separatebased on silicones or perfluoropolyethers. The silicones include
binary masks or by using multilevel masters. The thickness of variants of polydimethylsiloxane (PDMS) that yield low~2

the photoresist defines the depth of relief on a binary mask. MPa) and comparatively-high-modulus 10 MPa) materials,
This relief is often chosen such that the phase of the transmittedwhich we refer to as s-PDMS and h-PDMS, respectidefyf 48

light is modulated by a substantial fraction of For typical These PDMS materials are attractive because they have (i) very

4.75 um

6 um
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low surface energies{25 mN/m}>47and low Young's moduli consists of EPON SU-8 resin (Shell Chemical), a photosensitizer
(1—10 MPa)#>47 which allow reversible, nondestructive con- (propylene carbonate), and a photoacid generator (onium salt)
formal contact to flat surfaces without applied pressure, via the dissolved in a solvent/fbutyrolactone). The photosensitizer in
action of generalized adhesion fordés* (ii) the ability to SU-8 is sensitive to wavelengths less than 400 nm, but the
replicate surface relief structures with high fideffy32 (iii) absorption of the monomer is significant below 350 frithe
high physical toughne<8,5° making them robust to repeated range of useful exposure wavelengths for implementation of
use, and (iv) low-cost, commercial sources of material, thereby PnP with one-photon effects in this material is, therefore,
simplifying development work. Many of these same features between 400 and 350 nm. The incorporation of alternative
make PDMS attractive for stamps and molds in traditional soft photosensitizers and photoacid generators enables sensitivity in
lithographic methods. h-PDMS provides capabilities for better the visible, which can be useful in certain ca&esThe
resolution and higher aspect ratio features of relief compared photochemical process involves optical absorption by the
to s-PDMS*7-48 Because this material is brittle, however, its photosensitizer, which leads to the transfer of an electron to
implementation in a phase mask is most effective as a thin layerthe photoacid generator. This acid, upon thermal treatment,
with a thick backing of the s-PDMS to facilitate handliffgf®.63 promotes a cationic chain reaction that opens one of eight ring
In-plane distortions, created during fabrication or use, can be structures in the epoxy groups of the monomer for cross-
reduced by the use of rigid backing layers in place of the linking.5”.7273The amplification provided by the chain reaction
s-PDMS#8:63 enables sufficiently low concentrations of acid that the optical
Perfluoropolyethers (PFPEs) offer certain advantages com-Properties are unaffected, thereby causing negligible impact on
pared to PDMS for soft lithography, including (i) lower surface the 3D imaging. The main disadvantages of SU8 for PnP include
energy’®50 (i) compatibility with organic solventé26465and limited thermal stability, large levels of dimensional change that
(iii) the ability to produce finer features with higher aspect Can occur during development or use, and relatively low
ratios#9.50.66These features can also be beneficial for PnP. We Mechanical toughness.
recently reported the use of a commercially available acryloxy — Other photosensitive materials such as poly(methylsilsesqui-
perfluoropolyether, which we refer to as a-PFPE, for PnP and 0xanes) (PMSSQ8) "® and certain chalcogenid€s’® can also
soft lithographic method® Compared to PDMS masks, the be used in PnP. PMSSQ is attractive in part because its high
a-PFPE masks typically have fewer defects than those madethermal stability allows high-temperature processing, thereby
with PDMS at certain challenging feature dimensions that are €nabling its use as a template, for example, in chemical vapor
important for PnP? The mechanical fragility of the a-PFPE is ~ deposition processes at up00°C.""®Chalcogenide glasses
comparable to or slightly worse than h-PDMS. Although are interesting, in part, because their high refractive index 2.35
chemically bonding a backing layer of a more physically tough 3-5) leads to the possibility for direct patterning of PBG
elastomer (e.g., s-PDMS) to PFPEs can be difficult, we find Structures. Their h_|gh densities (3:8.35 g/cnd, depending on
that phase masks consisting of thin layers of a-PFPE physically Materials composition) can also be useful because they enable
adhered to supports of s-PDMS can be sufficiently robust for the formation of large gradients in effective density in nanopo-
routine us€® One minor disadvantage of using PFPE is its OUS structures, Whl(?h is important for certain applications
somewnhat lower index of refraction-(..35) compared to PDMS ~ discussed in a following section.
(~1.4), which demands slightly larger depths of relief to achieve
comparable modulations in phase. 3. Patterning Capabilities

2.4. Photosensitive Material.The phOtosenSitive materials Wide ranging classes of 3D structures can be formed with
act as a recording media to capture, in the form of solid pnp. The following sections provide examples achieved with
structures, the 3D intensity distributions near the surface of the different phase maskS' with one- and tWO_photon processes,
masks. The physical and chemical properties of these materialscontrolled levels of angular and spectral bandwidth for the
play important roles in the PnP process. In particular, the exposure light, and engineered absorption properties of the
photosensitivity, the contrast, the index of refraction, and the photosensitive materials. We also describe approaches in which
diffusion of photocatalysts affect the resolution. The index of soft nanoimprinting processes introduce surface relief directly
refraction can influence the number of spatial Fourier compo- into the photosensitive materials, to create phase modulating
nents associated with the structures; it also affects the Talbotor other structures that can be used alone or together with PnP
distance and, as a result, the periodicity in the out-of-plane masks to yield additional classes of 3D structures.
direction. The mechanical properties determine the robustness 3 1. periodic Structures by One-Photon PnPThe use of
and strength of the 3D structures, and therefore their ability to one-photon processes for exposure represents one form of PnP.
withstand the capillary forces that can be associated with drying Here, each incident photon has sufficient energy to initiate the
after the development as well as stresses that can occur inchemical processes that lead to solid 3D structures in the
applications or subsequent processing (e.g., templated depositionyhotosensitive material. Figure 4 shows some representative
or growth of other materials). In addition, other properties such stryctures formed by one-photon PnP in SU-8 with various phase
as absorption length, wavelength sensitivity, and two-photon masks and exposure wavelengths at 355 and 514 nm from the
or three-photon absorption cross sections all can be exploitedfrequency tripled Nd:YAG laser and Ar-ion laser, respectively,
to achieve various capabilities in PnP, as described in subsequennd with 365 nm light from a mercury lan#p These examples
sections. range from interconnected, structured elliptical elements to

Most of the structures reported in this Feature Article used a interleaved nanochannels. In all cases, the phase mask defines
commercial epoxy-based photosensitive material (SU-8, Mi- the dominant spatial Fourier component in the in-plane direction.
croChem, Inc.F867 The SU-8 is a negative tone, cationic type The Talbot and related effects determine the variations of the
of photoresist that offers high sensitivity, high resolution, and structures through the depth of the material. In general, as the
good transparency from the near-infrared (IR) to the visible and periodicity of the features of relief on the masks decreases
the near-ultraviolet (UV) range, with good structural properties, relative to the wavelength of the exposure light, the 3D structures
and usable levels of two-photon sensitiVity®® The material exhibit fewer spatial Fourier components, consistent with both
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at 365 nm. The structures fabricated in this fashion have
geometries similar to those formed with the 355 nm laser light.

In these and all other cases, modeling in which computed
intensity distributions are converted to predicted 3D structure
geometries through the application of a cutoff filter to simulate
the exposure and development processes, agrees well with the
observed shapes. Other mask geometries, such as hexagonal
arrays of posts, parallel lines, aperiodic array of dots, and
multilevel phase masks can also generate useful structrés.

This design flexibility represents an important feature of PnP.

25 um 3.2. Periodic Structures by Two-Photon PnPThe proxim-

ity geometry of PnP also enables the use of short pulsed lasers
for the exposure®4! Such lasers can offer sufficiently high
powers that two-photon interactions in commercially available
photosensitive materials such as SU8 can be used in patterning.
A two-photon process involves the simultaneous absorption of
photons that have energies equal to or somewhat more than one-
half of that needed to activate the photosensitizé?For SUS,

the minimum peak power required for practical use of such a
process is~1 TW/cnt at wavelengths of800 nm. The output

of a regeneratively amplified Ti:sapphire laser (Spectra-Physics,
Spitfire Pro) provides a convenient light source for this purpose.
The wavelength in this case1s800 nm; required peak powers
can be obtained with beam diameters-df mm, pulse durations

of ~140 fs, and pulse energies of2 mJ. For distances less
than~10um from the surface of a mask, the effects of spectral
or temporal walkoff associated with diffraction can, to a first
approximation, be neglecté@*! The ease with which short
pulses can be used in PnP contrasts with the technical difficulties
associated with matching path lengths to achieve temporal
overlap of multiple beams in holography approactéd.The
ability to perform two-photon PnP patterning in a single step
provides advantages over the generally slow, serial operation
of traditional two-photon writing approach&s32Compared to
one-photon PnP, the two-photon process provides enhanced
contrast ratios due to the quadratic dependence of the exposure
Figure 4. Scanning electron micrographs of representative 3D nano- ON the intensity. In addition, the comparatively long wavelengths
structures formed by one-photon PnP. (a) Large view of a 3D structure used in the two-photon process yield fewer numbers of spatial
formed with 355 nm light (tripled Nd:YAG) and a phase mask that Fourier components in the 3D structures than the corresponding
consists of square array of posts< 375 nm, RD= 420 nm,p = 566 one-photon process. As a result, two-photon PnP provides access

nm). (b) and (c) side and top views of the structure in (a), respectively. : : ; ; ; i
The inset in () shows modeling results. (d) and (e) 3D structures to lattice geometries that are not easily achieved with one-photon

generated with a single phase magk<(570 nm, RD= 420 nm,p = interactions, such as symmetrically sim_ple structures that can
1140 nm) using 355 and 514 nm (Ar ion) laser light, respectively. The be useful for photonic band gap materials and other applica-
inset in (e) provides modeling results. (f) and (g) angled and side views tions3&41Higher order interactions (e.g., three-photon processes)
of structures generated using the filtered output of a mercury lamp. should also be possible, with suitably designed materials.
The phase maskiin (f) and (g) is the same as that used in (a). The inset i, e 5 jjlustrates some results from two-photon PnP using
in (g) provides modeling results. . - .
phase masks with square and hexagonal geometries at different
the Abbe and Talbot images of the optics. As an example of periodicities and relief depti¥8.For the structure of Figure 5a,
this effect, parts d and e of Figure 4 show structures formed the mask consisted of a square array of circular pasts $70
with a single phase mask at exposure wavelengths of 355 andnm, RD = 510 nm, andp = 710 nm). The periodicity of the
514 nm, respectively. The structures have similar periodicities phase mask, in this case, is less than the wavelength of the light
in the plane, but longer out-of-plane periods and fewer spatial used for the two-photon exposure 00 nm); no diffracted
Fourier components for 514 nm light compared to 355 nm. The beams appear when 800 nm light passes through the mask in
exposures can be implemented also with incoherent light from air. Contact with the relatively-high-index SU-8 material,
UV lamps, due to the relaxed requirements on spatial and however, results in 9 diffracted beams that generate the 3D
temporal coherence of the exposure light associated with theintensity distributions corresponding to the structures of Figure
proximity mode geometry. This feature suggests a capability 5a. In this regime of subwavelength mask layouts, the state of
for scaling to large areas, allowing for the potential use of a polarization of the exposure light can have pronounced effects
large base of installed semiconductor wafer contact lithography on the geometrie¥ In particular, directionality in the 3D
tools, and extensions into plate exposure systems used for flatintensity distributions can be produced throughout the thickness
panel displays and for printing plates used for large printing of photopolymer by using linearly polarized light, as shown in
presses. In the examples of Figure 4f,g, the exposure light wasFigure 5d. Circular polarization leads to isotropic structures, as
derived from a mercury lamp, geometrically collimated with a shown in Figure 5e. Polarization can, in this way, provide an
tube and spectrally filtered with an interference filter centered additional parameter for controlling the geometries.
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or more generally multiphoton), the angular and spectral
bandwidth of the exposure light can influence the structural
geometries in a controllable manner. For example, these
parameters, as well as the absorption strength of the photosensi-
tive material at the exposure wavelength, can be used to control
variations in the average pore sizes in the 3D structures through
their thicknesses, in a monotonic or nonmonotonic fashion. Such
layouts provide classes of density gradient structures (DGS) that
are of interest for chemical/drug release, high-energy density
science targets, impact resistance materials, and oth#rs3 84
DGS can be achieved via PnP through control of exposure
angles®® exposure bandwidtf?,or absorption in the photosensi-
tive material’®© The first strategy involves, for example,
sequential exposures at angles d{iCe., normal to the surface

of the mask),—6 and +6 or exposures with diverging/
converging beams. The rate of change in the degree of porosity
(i.e., effective density) through the thickness of the 3D structures
increases with angular bandwidth. For sequential exposures, this
change is periodic with depth, yielding nonmonotonic variations
in porosity with thicknesse®.Purely monotonic DGS, in thick
geometries (i.e., up te100um), can be created by introducing
controlled levels of absorption in the photosensitive polymer
through the addition of dye¥. Here, absorption causes the
average exposure dose to decrease as the light propagates
through the material, leading to associated increases in the level
of porosity in the resulting structures. Figure 6 shows an example
of a thick DGS formed in this way, using a backside exposure
geometry in which the phase mask contacts a transparent
substrate that supports a film of SU8 on the opposite ¥ide.
Figure 6¢ shows an electron micrograph indicating the variation
in effective density of a representative DGS, where the density
ranges from 19% to 100% of full density over a thickness of
60 um distance. The magnitude of the density gradient can be
adjusted by controlling the strength of absorption in the SU8.

3.4. Aperiodic Structures.The examples discussed thus far
use phase masks with periodic arrays of posts, holes, and lines
and other structures. PnP can, however, be performed with much
more complex mask designs. In particular, aperiodic 3D
structures can be formed by PnP with aperiodic mask lay8uts.
3D nanostructures formed by two-photon PnP. (a) Large area angledFigure 7 illustrates an example of a mask that consists of a
and top (inset) views of a structure generated using a phase mask withsquare array of cylindrical posts, with an isolated defect in the
reh;{gonsustmg ct’rf‘sq“a’e arre;_y °|f p°5$§_5go ”?ht:flqrr_‘m'p hire fOrm of a missing postt This missing post causes a local
710 om) and he regeneraively amplfed ouputof & TisaDBNe o inicndl beginning n the et field bt persisting
made with this same laser using a phase mask with relief consisting of @nd broadening as a function of distance away from the mask.
a triangular array of postsl= 1120 nm,h = 420 nm,p = 1500 nm). Parts a and b of Figure 7 show top-views of the mask and the
The inset in (c) shows modeling resutls. (d) and (e) top view SEMs of 3D structure, respectively. Parts ¢ and d of Figure 7 show
structures generated using linear (along the [0, 1] direction of the mask) confocal images of the structure as a function of depth, at a
and C'rC“'art. pOI'a”ZTid light ;""thhthe masdk I‘_’sed for IE[he (Sf;r”SCtEU'\rAe "} plane some distance away from the defect and approximate
a), respectively. The insets show modeling results. o . .

Eell%psoidgl particl):as and modeling (inset) generagt;ed using the phase maskc‘a'(:u"atlons performed with the Abbe approééﬁurth_e r study
in (a). of the effects of such defects and, more generally, implementa-
tion of complex mask designs derived using inverse computa-

The exposure contrast provided by the two-photon interaction tioqal methods to achieve user-specified 3D geometries, are
allows the formation of not only 3D structures but also topics of current research.
collections of individual structures. In particular, by suitable  3.5. Structures Formed with Quasicrystal Phase Masks.
control of the exposure and development conditions, PnP canAn advanced type of phase mask that lacks long-range peridocity
form large numbers of colloidal particles, wires and other objects consists of relief features in quasicrystalline layouts. One
with classes of shapes that would be difficult to generate in promise of such masks in PnP is that they might enable the
other ways® Figure 5f shows examples of ellipsoidal particles formation of full 3D quasicrystals or related structures, of the
formed with the mask used for the structure of Figure 5a. Thesetype that might be useful in photonic band gap (PBG) applica-
and other types of colloidal particles can be used for fundamentaltions®”:858 3D quasicrystals are of interest because they can
studies of assembi§as well as applications in photonics and possess an approximately spherical Brillouin z&hé? leading
chemical sensing83 to the possibility of complete PBGs with smaller refractive index

3.3. Density Graded Structuresln addition to polarization, contrast compared to those required in conventional periodic
wavelength and interaction processes (i.e., one or two photon,layouts. For example, a PBG in a 2D quasicrystal lattice is
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. . . . 1 um

Figure 7. (a) and (b) scanning electron micrographs of the top of a
phase mask with relief consisting of a square array of pasts 875

nm, RD= 420 nm, and = 566 nm) with a isolated missing dot and
corresponding 3D structure formed by one-photon PnP, respectively.
(c) Confocal micrograph of the—z plane of the structure imaged at a
position alongy that is far from the missing post (i.e., defect structure).
(d) Similar image collected at the location of the defect. The inset shows
modeling results. The dotted line highlights certain features.

there is interest in exploring PnP with quasicrystal phase masks
for these and other applications. Independent work by another
group recently demonstrated the ability to use the PnP method
with quasicrystal masks formed by casting and curing PDMS
against masters that consist of photoresist patterned by multiple,
crossed exposures in line grating geometfes.

Figure 8 presents some results of PnP with masks that have
Penrose quasicrystal layouts consisting of holes with diameters
of 400 nm and average hole to hole spacings of 800 nm. The
pattern has a global 10-fold rotational symmetry that generates
hundreds of diffracted beams, as shown in Figure 8b. These
beams overlap and interfere to form a complex distribution of
intensity near the surface of the mask, as illustrated in the NSOM
images of Figure 8eg. Exposing the SU8 using a “maskless”
two-photon procedure described in the following section,
followed by developing leads to 3D structures like the one
shown in Figure 8h. A two-photon process, similar to that
described in section 3.2 was used in this case to produce
structures with high symmetry and high stability. Preliminary
measurements indicate an absence of a simple unit cell in these
Figure 6. Density gradient structure (DGS) generated by one-photon systems, reminiscent of quasicrystal geometries. These results
PnP using an a-PFPE phase mask with relief consisting of a hexagonalystrate the feasibility of generating well-defined 3D structures
array of cylindrical postsd = 460 nm; RD= 420 nm;p = 600 nm). with Penrose quasicrystal masks. Additional study is needed to

(a) Optical image of a DGS film on a glass substrate. (b) Scanning . . . . -
electron micrograph of a cross section of this sample. (c) Plot of relative d€fine the optics associated with the fabrication process, as well

density with position through the thickness of the sample from X-ray as the geometries of the 3D structures and their optical

Density (g/cc)

Distance to Back of Reservoir (um)

radiographs. properties.
3.6. Hierarchical and Other Structures by Molding and
possible with an index contrast of 1.45, compared-&5 for PnP.Molding and soft nanoimprint lithography, performed with

a hexagonal layol® The fabrication of 3D quasicrystals with  phase masks or similar elements as molds, can be combined
dimensions in a range suitable for operation at visible or near- with PnP concepts to yield structures with hierarchical and other
infrared wavelengths is, however, extremely challenging. Recentstructure geometries that are inaccessible with PnP alone. A
work demonstrates the ability to make multilayered 2D quasi- simple case corresponds to the use of embossed features of relief
crystals by interfering 10 laser beafisTrue 3D quasicrystals  on the photosensitive material as the phase mask forPwe.

with 5-fold symmetry have been generated by two-photon direct- refer to this process as “maskless” PnP because it does not
write 8% but the fabrication process can be slow. As a result, require, although it can exploit, a separate phase mask during
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Figure 8. Images associated with one and two-photon PnP using phase
masks with Penrose quasicrystal layouts. (a) Image of a phase mask
with different regions that correspond to quasicrystals with different
characteristic sizes and periods. (b) Far field diffraction pattern
generated by passing 355 nm light through a region of this mask that
has a Penrose quasicrystal layout wdth= 400 nm and average =

800 nm. This mask produces hundreds of diffracted beams. (c) and (d)
scanning electron micrographs of a representative region of a Penrose
guasicrystal “master” and of a corresponding phase mask, respectively.
(e) and (f) near field scanning optical microscope (NSOM) images 0.2
collected at the surface of a Penrose quasicrystal phase mask in (d) J

——— Modeling

0.6 4

A r — Experiment
0.8

0.4 4

Reflection Intensity (100 %)

and at distances from the surface of the mask @eof 0 and 2.4 nm,
respectively. (g) and (h) NSOM images of thez plane az= 0 um 0.0 — e e e
andz = 1.50 um, respectively. (i) Top view SEM of 3D structures 0.8 10 1.2 L4 1.6 18 20
generated by two-photon PnP with a Penrose quasicrystal phase Wavelength (um)
mask. In this case, the surface of the phOtOSGnSitiVe material was mOldeq:igure 9. Schematic illustrations and Scanning electron micrographs
with the mask, and the exposure was performed in a “maskless” mode of 3D nanostructures formed by two-photon PnP using exposure through
where the molded features of relief phase modulate the exposureg |ayer of the photopolymer SU-8 molded with a phase mask consisting
light. The insets in (h) show cross-sectional (left) and top view (right) of a square array of posts & 375 nm, RD= 420 nm, anch = 566
SEMs. nm). (&) Schematic illustration of the molding process. (b) Top and
cross sectional (inset) SEMs of the molded SU8. (c) and (d) cross
the exposure step. Maskless PnP can facilitate large areasection and angled view SEMSs, respectively, of the resulting 3D

processing and improve the optical contrast by eliminating mask/ structure. (e) and (f) intensity distributions along the (001) plane and
film reflections, and it also reduces the amplitude of relief the (110) plane, respectively, of the full computation as rendered in
required to achieve high levels of phase modulation, due to the 3P through application of a cutoff filter, shown below. (g) Experimental

. L . o . and theoretical reflection spectra for these structures.
relatively high index of refraction of a photosensitive material
such as SU8 compared to the PDMS or PFPE. Figure 9 providesor PFPE formulations. The contrast improves by 50 times
an overview of the process and an example of a 3D structure compared to the case of a mask based exposure and the same
formed using molded relief consisting of square arrays of holes phase shift.
(d =375 nm, RD= 420 nm, ancg = 566 nm). This embossed A combination of coarse (several microns) and fine molded
mask yields a phase modulation-0.67 for transmitted light. features can be used with separate PnP masks to enable
Achieving this level of modulation with a PDMS mask would  structures that are impossible to produce using conventional PnP
require relief depths of 690 nm, which are difficult to achieve alone. Figure 10 provides the fabrication scheme for molded
with posts that have diameters of 375 nm, using existing PDMS rib waveguides with internal 3D nanostructures, of the sort that
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Figure 10. Schematic illustrations and scanning electron micrographs
(SEMs) of 3D structures formed by molding coarselQ um widths
and depths) features into a layer of a SU-8 (a), and then performing
PnP on the molded structure (b). (c) Top and angled view (inset) SEMs
of the resulting 3D structures. The phase mask consists of a square
array of postsqd = 375 nm, RD= 420 nm, andp = 566 nm).

might be useful for applications in microfluidics or optical g
waveguides. The use of fine molded structures with phase masks y
can create multiple levels of phase modulation to achieve, for
example, woodpile-type 3D structures. Figure 11 shows such a 0

process. The 3D structure generated by this type of effective

multilevel phase mask can be seen in Figure 11c,d. In all Cases'Figure 11. Schematic illustrations and scanning electron micrographs

the geometries of the structures, in regions away from the (Sewms) of 3D structures formed by molding fine features (equally
molded surface regions, can be reproduced accurately byspaced lines and spaces with RD220 nm andp = 400 nm) into a

modeling. layer of SU-8 (a) and then performing PnP on the molded structure
with the same element used for the molding but with a ninety degree
4. Applications rotation. (c) and (d) show low- and high-magnification top view and

cross sectional SEMs of the resulting 3D structures.
The wide range of 3D structures that can be generated by

PnP, as illustrated in the previous sections, create many
application possibilities. The following provides some examples sizes for these substream flow channels are often substantially
that we have explored in recent work. less than Jum, making integration in the form of large scale
4.1. Filters and Mixers for Microfluidics. Microfluidic 3D arrays difficult for conventional fabrication techniques. This
systems benefit from filters, separation membranes, passive andype of patterning task, on the other hand, is relatively simple
active mixers, and other devices that can be integrated directlyusing the PnP approach. Hundreds or even thousands of
into tens of micron sized channels. In many cases, these elementsubstream flow paths with dimensions down to the 50 nm range
can be achieved with the sorts of 3D nanostructures that can becan be generated directly in microfluidic channels in a single
produced easily by Pn¥:37 Mixers represent one example. exposure step. Figure 12 shows an example of such a passive
There are two classes of such devices: (i) active systems, whichmixer built into a serpentine microfludic channel. The images
use external forces generated by micron scale stir $ars, indicate good structure uniformity and robust operation with
peristaltic pump8! and other®% and (ii) passive systems, widths of flow paths between 50 and 300 nm. The resulting
which use geometrical features, such as fluted sideWwlls, passive device exhibits high mixing efficiencies even under
meander$;2939%and related structurd$ Active mixers provide small Reynolds numbers, likely due to multiple laminating flows
high efficiencies at small sizes, but they are typically complex forced by the 3D structure layo#ét.Similar structures can be
and difficult to integrate. Passive mixers do not require power, used as microfluidic filters and separation membrafds. a
but they provide relatively low efficiencies and often require simple example, the submicron channels generated by PnP serve
challenging fabrication steps (e.g., multilevel 3D structures). as filters for separating submicrometer particles from fluid
Certain classes of passive devices use multiple substream flonflows 3> Figure 12d provides an image.
paths to provide chaotic mixing and laminating flows that can  4.2. Density Gradient Structures for High-Energy Density
reduce the distances for diffusive mixifg?*9 The required Science Targets and Chemical Releasdensity gradient
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Figure 13. Pressure profile as a function of time with and without a
density gradient produced by PnP in a layer of SU-8. The dashed lines
." “ 3 are calculated pressure profiles. The pressure and time axes have been

0.ﬂ¢¢&¢‘. o nomalized

direction within the materiél-°8 This behavior can be exploited
for many applications such as sharp bend wavegftigsnnel-
drop filters10 wide-angle splittet?* and otherg% Although
theory predicts the existence of several 3D geometries that
should result in complete PB(3%28.103.104he fabrication can

Fi N . . be prohibitively challenging for realistic applications. Ap-
igure 12. (a) and (b) image and micrographs, respectively, of a . . h 06
microfiuidic device that contains an integrated 3D nanostructure formed Proaches ranging from conventional photolithograftiy
by one-photon PnP. (c) Confocal micrograph of a microfluidic mixer colloidal self- assembly;'8.107.108to |aser or direct ink write-
that consists of a 3D nanostructure embedded in a serpentine channeling,”1%%and holographic interference lithograpf?®-*1°have
collected at a flow velocity (right to left) of 6.67 mm/s. The red in  been explored. Compared to these techniques, PnP might
these images corresponds to fluorescence recorded from Rhodammeprov'de advantages in terms of large area processing, design
dye in water using laser excitation at 514 nm (Ar ion). The uniform flexibility and simple, low-cost operation. With maskless PnP,
red color at the output (left) indicates good mixing of the initially . . . . .
unmixed, laminar streams at the input (right). (c) Scanning electron it is possible to fabricate 3D structures with symmetries close
micrograph of a 3D nanostructure filter built into the channel of a t0 face center cubic (FCC), similar to those in Figure 9. These
microfluidic system (flow from left to right). The colorized red beads ~structures exhibit high normal incidence reflectior60%), as
are filtered at the edge of the structure. measured by Fourier transform infrared spectroscopy (FTIR)
(Bruker Optics Inc., model Hyperion 1000). Figure 9f shows
gmeasurements and calculatidhsAlthough there is good
agreement in the wavelength position of the reflection, the
magnltude in the measured case is somewhat lower than that
of the theoretical predictioff. The discrepancy can be explained
by minor structural disorder and shrinkage upon developing.
Improved photosensitive materials, together with alternative PnP
approaches that use masks with multilevel or quasicrystalline
layouts, represent subjects of current work.

structures (DGS) have many potential applications, as mentione
previously. In one example, time dependent release of chemicals
imbibed into DGS materials can be controlled by tuning the
size and spatial gradients in the porosity. Experimental results
show that for the case of riboflavin filled into a DGS formed
by absorption controlled PnP, the chemical release kinetics can
be modified?® In a different application, thick DGS serve as
encapsulating layers in reservoir targets for high-energy density
scienc€”’ In this application, appropriately designed DGS can
shape the pressure profiles formed during shockless compressio
by slowing the transfer of momentum into the target. The goal In conclusion, proximity field nanopatterning, or PnP,
of using DGS in shockless compression is to increase the riserepresents a simple optical method that provides experimentally
time to reach certain peak stress. Figure 13 shows a time historyconvenient routes to wide ranging classes of 3D nanostructures,
of the ramp pressure profile resulting from a DGS (inset) in large area coverages (several square centimeters and larger)
designed for this purpose, whose variation in density appearsand in thick geometries (up te100um). Talbot effect optics,
in Figure 6¢. The data indicate a 30% increase in time required elastomeric phase modulating masks, and thick transparent
to achieve similar levels of stress in the DGS compared to the photosensitive materials are keys to the approach. This Feature
solid structuré’ This increase in rise time makes it possible to Article summarizes these aspects, as well as certain patterning
achieve higher peak stress without shocking the sample in thecapabilities enabled by engineered mask designs, exposure
DGS systent’ sources and optics, and materials. Several application examples
4.3. Photonic Band Gap Materials.The requirements for  in microfluidics, chemical release, high-energy density science,
3D PBG materials are potentially well matched to the capabili- colloidal particle fabrication and photonics were described.
ties of PnP. PBG materials involve periodic variations in Future opportunities exist in these and other applications, as
refractive index that create a range of frequencies, known as awell as in further development of the patterning approach. As
photonic bandgap, in which photons cannot propagate in anyan example of the latter, inverse computational algorithms

ﬁ;' Conclusion
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should allow masks to be designed to achieve desired structure (32) Kawata, S.; Sun, H.-B.; Tanaka, T.; TakadaN&ture2001, 412,

outcomes. These and other aspects appear to be promisin

directions for research.
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