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(57) ABSTRACT 

Solution casting a nanostructure. Preparing a template by 
ablating nanoholes in a Substrate using single-femtosecond 
laser machining. Replicating the nanoholes by applying a 
solution of a polymer and a solvent into the template. After the 
Solvent has substantially dissipated, removing the replica 
from the substrate. 
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NANOSTRUCTURES FROM 
LASER-ABLATED NANOHOLE TEMPLATES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Application No. 61/599,926, filed Feb. 16, 2012, and 
entitled “Ultra-High Aspect Ratio Nanostructure from Laser 
Ablated Nanoholes: the disclosure of which is hereby incor 
porated herein in its entirety. 

TECHNICAL FIELD 

0002 The present disclosure relates generally to nano 
technology. Embodiments of the disclosed technology relate 
more specifically to nanostructures made using templates 
created using single pulse femtosecond laser machining. 

BACKGROUND 

0003 Nanotechnology, in general, encompasses prepara 
tion, manipulation, and applications of nanoscale materials 
and structures. One reason behind going down in length scale 
is the deviation observed in material properties (physical, 
chemical, and mechanical) due to the manifestation of the 
statistical-mechanical and quantum-mechanical effects, 
which are otherwise not observed in their bulk counterparts. 
For example, the electronic properties of a material can sig 
nificantly alter with the reduction in the size scale of the 
material because of pronounced quantum mechanical effects, 
which are more dominant when less than 100 nm size scale is 
achieved. Indeed, the terminology nano, from a materials 
perspective, is now typically applied to materials with at least 
one dimension less than 100 nm so that the quantum size 
effect can be observed and exploited for practical purposes. 
0004 Nanostructures are nanoscale materials with at least 
one dimension less than 100 nm per current scientific defini 
tion. Although this definition of nanostructures/nanomateri 
als is now widely accepted, it is still very common to regard 
anything on Sub-micron (<1 um) length scale as nano for 
simplicity on a case-to-case basis. Nanostructures or nano 
materials are considered to be the basis of nanotechnology; 
other aspects being nanofabrication, nanoscale characteriza 
tion, and nanodevice systems. Nanofabrication is a collection 
of fabrication strategies used for the preparation of nanoma 
terials or nanostructures, and is broadly classified into top 
down and bottom-up techniques. Nanoscale characterization 
is the examination of properties of nanoscale materials with 
the use of highly sophisticated analytical instruments, 
whereas nanodevice systems are mission-oriented nanoscale 
machines or apparatus made from several nanoscale objects 
or just molecules. Nanoscale-diameter-holes are referred to 
as nanoholes. 
0005 One of the most common bottom-up nanofabrica 
tion techniques used for the preparation of nanostructures is 
template synthesis. It has been used to prepare one-dimen 
sional (1D) nanostructures from a variety of materials. Based 
on their morphology, nanostructures may be classified as 
nanowires, nanoribbons, nanopyramids, nanopillars, and 
nanocones, and may be synthesized either as topographical 
features on films or Substrates via nanofabrication techniques 
or by solution synthesis. 
0006 Template synthesis may be described as a casting 
process, in which a mold is subjected to a deposition process 
to create structures within the holes/pores of the mold. The 
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morphology and dimensions of the resulting structures 
depend on that of the holes in the mold from which they are 
cast. The four generic casting methods employed in template 
synthesis are: Soft lithography, electrochemical or electroless 
deposition, vapor deposition, and injection molding. 
0007 Although there are several different types of molds 
used in the template synthesis of nanostructures, the four 
most commonly used are: anodized aluminum oxide (AAO); 
nanochannel glass (NCG); ion track-etch templates; and 
lithographically patterned templates (referred to as master 
pattern in Soft lithography). 
0008. A variety of materials, e.g., metal, semiconductor, 
insulator, Superconductor, and polymer, have been imprinted 
by template synthesis using AAO, NCG, and track-etch sub 
strates. Attention has been paid to both the template prepara 
tion and imprinting strategies, so that high quality nano/micro 
structures can be fabricated and used. Although these tem 
plates have been useful for numerous applications, there still 
are many applications where they cannot fulfill the require 
ments. One disadvantage of these templates is the inability to 
control the physical arrangement of the nanoholes. Further 
more, in case of AAO and track-etch based template synthe 
sis, the template is eventually dissolved in a chemical Solution 
to harvest the cast structure. In Summary, reusable templates 
with user-defined arrangement of nanoholes cannot be fabri 
cated by any of these three techniques. By comparison, nano 
lithography offers ever-improving control on the physical 
arrangement of the nanoholes that a user can pattern on rigid 
Substrates. 
0009 Nanolithography is essentially a patterning tech 
nique in which structures (e.g., arrays of nanoholes) of user 
defined designs are produced at the Surface of substrates Such 
as silicon, fused silica, and acrylic glass. The lateral and 
vertical dimensions of the nanoholes are usually controlled 
post-patterning by an etching treatment (to increase the hole 
size) or a deposition treatment (to decrease the hole size by 
coating its sidewalls). Nanolithography constitutes a set of 
lithography techniques of which most routinely used are pho 
tolithography, electron beam lithography, and Soft lithogra 
phy. 
0010 Photolithography is a multi-step lithography pro 
cess in which user-defined patterns may be transferred to 
substrates with the help of ultraviolet light and a pattern 
carrying mask. In this process, the Substrate first may be 
cleaned with wet chemical treatments to render the surface 
free of organic and inorganic impurities. The Substrate then 
may be coated with a layer of photoresist by spin coating after 
exposing the Substrate to a chemical that improves adhesion 
between the photoresist and the substrate. The photoresist 
coated substrate then may be heated at 80°C.-100° C. on a hot 
plate for up to a minute to expel excess photoresist Solvent 
from the photoresist layer in a process called pre-baking, so 
that the substrate is ready for UV exposure. The photoresist 
then may be exposed to UV light through a photomask car 
rying the pattern, and then Subjected to another baking pro 
cess called post-exposure baking. A photomask is essentially 
a fused silica plate with user-defined patterns made on chro 
mium. The UV light exposed photoresist may be chemically 
modified, which develops patterns onto the photoresist. Two 
types of photoresists exist: positive photoresist and negative 
photoresist. The UV exposed region on a positive photoresist 
is washed out upon developing, whereas the opposite results 
in case of a negative photoresist, i.e., the unexposed region is 
washed out. The penultimate step in photolithography is the 
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pattern transfer process in which the patterned photoresist 
may be subjected to an etching treatment (dry or wet) for a 
time period corresponding to the desired feature size, which 
removes parts of the substrate not covered with the photore 
sist. Dry etching is an anisotropic etching process, which 
primarily may be employed when high aspect ratio and deep 
features are desired. The most common of all the dry etching 
processes is deep reactive-ion etching (DRIE) based on the 
Bosch process in which several hundred microns deep fea 
tures may be produced on the Substrate. In comparison, wet 
chemical etching is an isotropic etching process in which the 
maximum attainable depth for a feature equals the thickness 
of the photoresist used. The final step is the removal of the 
leftover photoresist. The resolution of the feature that may be 
produced on the substrate depends on the wavelength of the 
UV light used to expose the photoresist; in principle, the 
shorter the wavelength, the smaller the feature that may be 
produced. Thus, high-resolution features can be produced by 
reducing the wavelength. Over the years, many different 
types of UV sources have been used starting from gas-dis 
charge lamps with up to 365 nm wavelength (till mid-1980s) 
to excimer lasers with 193 nm (current technology), which is 
expected to be superseded by the extreme ultra violet (EUV) 
Source with up to 13.5 nm (also termed as next generation 
lithography. However, the depth of focus is negatively 
affected by the wavelength of the UV light, which restricts the 
thickness of the photoresist and eventually the depth of the 
final pattern. 
0011 EBL is a maskless lithography technique by which 
complex features may be produced on a Substrate with very 
high resolution. The operational principle of EBL is similar to 
that of photolithography with the exception that EBL is a 
direct-write process where patterns may be directly engi 
neered onto the substrate without the need of a mask. The 
Substrate may be coated with a thin layer of resist (e.g., 
polymethylmethacrylate) by spin coating, pre-baked, Sub 
jected to pattern writing in an electron beam lithography 
system (e-beam system), followed by resist development and 
pattern transfer. One advantage of EBL over photolithogra 
phy is that it is not diffraction-limited, and features with 
resolutions of up to 20 nm may be produced; indeed, sub-10 
nm features can also be produced by EBL. However, the 
resolution of EBL is limited by the scattering of electrons in 
the resist. Furthermore, the throughput of EBL is very low as 
the processing time is directly proportional to the pattern area 
for a certain dose given by the equation TI-D* A, where T is 
the exposure time, I is the beam current, D is the dose in 
Coulombs/cm, and A is the exposed area. In other words, it 
would take approximately 12 days to pattern a 1 cm area with 
a 1 nA beam current and 1 mC/cm dose. 
0012 Soft lithography is a form of nanolithography con 
stituting a set of various non-photolithographic techniques 
centered on the principle of self-assembly and replication (or 
imprinting). The term “soft” in soft lithography is derived 
from the physical nature of the mold used (i.e., soft) for 
fabricating structures, where the soft mold itself is prepared 
from rigid templates. Rigid templates, also termed as master 
patterns, are reusable patterned Substrates that are usually 
prepared by photolithography, EBL, or micromachining on 
materials like silicon and silica. The master pattern is first 
Subjected to cast molding to form its replica on an elastomeric 
material like polydimethylsiloxane (PDMS) to prepare the 
Soft mold or stamp, which is then used to generate structures 
or patterns by various techniques that are collectively termed 
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as Soft lithography. Over the years, Soft lithography has 
evolved into one of the most economical and most convenient 
nanolithography techniques where features as Small as Sub 
10 nm size scale have been successfully fabricated. Some 
commonly used soft lithography techniques are: replica 
molding (REM), microtransfer molding (LTM), micromold 
ing in capillaries (MIMIC), solvent-assisted micromolding 
(SAMIM), and microcontact printing (LCP). 
0013 REM is a single-step replication technique used to 
create micro?nanoscale features by curing prepolymers cast 
into PDMS molds. UV or thermally curable prepolymers 
without any solvent and low shrinkage (typically less than 3% 
on curing) are used for REM. Polyurethane (PU) is an 
example of a UV curable prepolymer used extensively for 
replica molding. REM has also been employed against rigid 
molds for mass production of a variety of materials including 
compact discs (CDS), diffraction gratings, holograms, and 
micro-tools. 
0014. In a LTM process, a liquid prepolymer is first 
applied to the surface of a PDMS mold and the excess is 
removed by scraping, or blowing by passing a stream of gas, 
and then the liquid prepolymer filled mold is placed on the 
surface of a substrate. The prepolymer is thermally or UV 
cured to become solid and attached to the substrate after 
which the PDMS mold is delicately removed to leave behind 
the patterned structure on the substrate. Thermally curable 
epoxy resins and UV curable polyurethanes have been used as 
prepolymers for LTM. 
0015 MIMIC is a soft lithography method used to create 
micro/nanoscale features from a variety of materials, such as 
UV or thermally curable polymers with no solvents, func 
tional polymer Solutions, glassy carbon or ceramic forming 
precursor polymers, inorganic salts, Sol-gel materials, colloi 
dal solutions, polymer beads, and biologically functional 
macromolecules. In this method, a PDMS mold with chan 
nels is first placed on a Substrate and then a low-viscosity 
prepolymer is placed at the open ends of the channels. The 
prepolymer fills up the channels by capillary action, which is 
then solidified by curing. The PDMS mold is then slowly 
removed from the substrate to create patterned features of the 
polymer. 
0016 SAMIMutilizes polymer films to create nanostruc 
tures on their surface from PDMS molds. However, only 
those polymer films can be used whose solvents do not affect 
the PDMS mold during micromolding. In this method, the 
surface of the PDMS mold is first wetted with a solvent that 
can dissolve (or soften) the polymer whose nanostructures are 
to be created. The PDMS mold with the solvent is then 
brought in contact with the polymer film held on a substrate. 
The solvent dissolves (or softens) a thin layer of the polymer 
and forms a gel that fills the patterns in the mold. When the 
Solvent evaporates the gel inside the patterns freezes into Solid 
polymer and forms polymer nanostructures on the Substrate. 
0017 LCP is a printing process in which a soft mold like 
PDMS is covered with a chemical solution called ink and then 
brought into physical contact with a Substrate after the ink has 
dried. A commonly used ink is a thiol Solution, Such as hexa 
decanethiol. Upon physical contact with the substrate, the 
thiol is transferred to the surface of the substrate resulting in 
the reproduction of the mold pattern. The three known con 
figurations to transfer the ink, based on the geometry of the 
mold and the Substrate, are: planar mold onto a planar Sub 
strate, nonplanar mold onto a planar Substrate, and planar 
mold onto a nonplanar substrate. A derivative of LCP called 



US 2013/0216779 A1 

nanocontact printing (NCP) is reported to pattern sub-50 nm 
features. LCP (and NCP) have been investigated for applica 
tions in micromachining (where the ink acts as a resist for an 
etching process) and biological engineering (by patterning 
cells, DNA, and proteins). 
0018. In NIL, an imprint resist is first spin coated on the 
Surface of a Substrate and then pressed against a rigid mold 
whose features are to be reproduced. Once the right pressure 
is achieved between the imprint resist and the template, the 
imprint resist is either subjected to a thermal treatment or a 
UV light treatment for curing depending on the type of resist. 
Ifathermoplastic polymer is chosen as the imprint resist, it is 
heated above its glass transition temperature to soften and 
acquire the impression of the template. The template is then 
slowly separated from the imprint upon cooling. The acquired 
impression in the imprint is the negative replica of the tem 
plate, which is further subjected to a pattern transfer process 
(usually by reactive ion etching just like photolithography) to 
transmit the imprinted pattern in the resist to the substrate. 
0019 Very similar to this technique is the photo nanoim 
print lithography (P-NIL), also called cold embossing or UV 
nanoimprint lithography (UV-NIL), in which a photoresist is 
used as an imprint material. The photoresist is either spin 
coated or dispensed with a scanning inkjet head (step and 
flash imprint lithography) on a transparent Substrate, brought 
in contact with the template to maintain a certain pressure in 
between, and then cured by exposing to UV light. The pho 
toresist undergoes crosslinking and hardens, and acquires the 
impression of the template after which they are slowly 
detached from each other. This step is also followed by a 
pattern transfer process to transmit the features from the 
imprint into the substrate. 
0020 Developed as a low manufacturing cost and high 
throughput method to fabricate nanoscale features, the NIL 
technique was demonstrated to create features from 25-mm 
resolution up to Sub-10 nm resolution, and was successfully 
applied to produce magnetic nanostructures, quantized mag 
netic disks, silicon field effect transistors, semiconductor 
nanowires, and nano-compact disks. Indeed, it was shown 
that NIL can be scaled up to fabricate large area patterns as 
well. 
0021 Many more techniques have been investigated and 
reported for patterning Substrates, such as laser based nano 
lithography techniques including femtosecond laser micro 
machining, dip pen lithography (DPN), extreme UV lithog 
raphy (EUV), proximal-probe lithography, X-ray lithography, 
ion beam lithography including focused ion beam milling, 
proton beam writing, and more recently neutral particle 
lithography. 

SUMMARY 

0022. The present technology includes methods for pre 
paring nanostructures and the products made by those meth 
ods. In some embodiments, a template can be prepared by 
ablating nanoholes in a Substrate using single-femtosecond 
laser machining. The nanoholes can be replicated by applying 
a solution of a polymer and a solvent into the template. After 
the solvent has substantially dissipated, the replica can be 
removed from the substrate. In some embodiments, the poly 
mer Solution comprises one of cellulose acetate in acetone, 
polycaprolactone (PCL) in chloroform, PCL-polyethylene 
glycol in chloroform, polydimethylsiloxane in heptane, poly 
methylmethacrylate in toluene, polyvinyl alcohol in de-ion 
ized water, and collodion in amyl acetate. In some embodi 
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ments, the polymer is capable of forming a continuous film. In 
Some such continuous film embodiments, the polymer is 
capable of forming a continuous film through the application 
of external energy. In some embodiments, the polymer Solu 
tion comprises a two percent (2%) Solution by weight of one 
of cellulose acetate in acetone, polycaprolactone (PCL) in 
chloroform, PCL-polyethylene glycol in chloroform, and col 
lodion in amyl acetate; while in other embodiments, the poly 
mer Solution comprises a solution between two percent (2%) 
and ten percent (10%) by weight of cellulose acetate in 
acetone. In yet further embodiments, the polymer Solution 
comprises a twenty five percent (25%) solution by weight of 
polydimethylsiloxane in heptane; or a solution of between 
five percent (5%) and ten percent (10%) by weight of poly 
methylmethacrylate in toluene; or a five percent (5%) solu 
tion by weight of polyvinyl alcohol in de-ionized water. 
0023. In some embodiments, prior to applying a solution 
of a polymer and a solvent into the template, a fluorocarbon 
based antistick coating can be applied to the template. In 
Some Such embodiments, the fluorocarbon-based antistick 
coating is prepared from perfluorodecyltrichlorosilane. 
0024. In some embodiments, a template can be prepared 
by ablating nanoholes in a Substrate using single-femtosec 
ond laser machining. The nanoholes can be replicated by 
applying a polymer resin into the template. After allowing the 
resin to set, the replica can be removed from the substrate. 
0025. In some embodiments, a template can be prepared 
by ablating nanoholes in a Substrate using single-femtosec 
ond laser machining. The nanoholes can be replicated by 
casting a solution of a polyethylene and a solvent into the 
template. After the solvent has been allowed to substantially 
dissipate, the polyethylene as cast in the template can be 
melted through application of energy. After allowing the 
melted polyethylene to cool, the cooled polyethylene replica 
can be removed from the substrate. In some such embodi 
ments, the polymer Solution comprises ten percent (10%) 
Solution by weight of polyethylene in toluene. In some Such 
embodiments, melting comprises heating to about one hun 
dred fifty five (155) degrees Celsius for about two (2) min 
utes; and cooling comprises cooling at room temperature for 
at least about two (2) hours. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0026 FIG. 1 presents Scanning Electron Microscope 
(SEM) images of nanoholes produced at the surface of fused 
silica. 
0027 FIG. 2 presents SEM images of the replicas of fem 
to second laser machined fused silica shown in FIG. 1. 

(0028 FIG. 3 is an SEM image of nanoholes. 
0029 FIG. 4 is a schematic of an amplified femtosecond 
laser pulses generation in an amplified femtosecond system. 
0030 FIG. 5 illustrates a femtosecond laser beam propa 
gation path. 
0031 FIG. 6 illustrates two lenses of a beam expander. 
0032 FIG. 7 illustrates the optical assembly of a worksta 
tion used for laser machining of fused silica. 
0033 FIG. 8 illustrates surface topography of a substrate: 
fine scan (A) and interpolation of the fine Scan (B). 
0034 FIG. 9 illustrates preparation of cellulose acetate 
nanowires by nanoimprinting from a single-pulse femtosec 
ond laser nanomachined fused silica template using a 35 um 
cellulose acetate film. 
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0035 FIG. 10 illustrates preparation of polymer solution 
nanowires by nanoimprinting from a single-pulse femtosec 
ond laser nanomachined fused silica template by Solution 
casting. 
0036 FIG. 11 illustrates a silica deposition process for 
functionalization of nanowires. 
0037 FIG. 12 illustrates a 2D gradient pattern (reduced 
density for visual clarity and not to scale) fabricated on a 500 
um thick fused silica Substrate by single-pulse femtosecond 
laser machining. 
0038 FIG. 13 is a schematic of silica nanoneedle prepa 
ration for cell studies using National Institutes of Health 
(NIH)3T3 mouse embryo fibroblasts. 
0039 FIG. 14 is a schematic of the Z-stage movement 
during femtosecond laser machining of fused silica. 
0040 FIG. 15 is a SEM image of nanoholes made at the 
surface of fused silica. 
0041 FIG. 16 is a SEM image of the cellulose acetate 
replica imprinted from nanoholes (taken at 45° tilt) shown in 
FIG. 15. 

0042 FIG. 17 is a schematic of SEM imaging of a cellu 
lose acetate imprint of a nanohole showing its projected 
length and the actual length. 
0043 FIG. 18 illustrates the dependence of hole diameter 
on the position of optical focus with respect to a substrate 
Surface. 

0044 FIG. 19 illustrates the dependence of hole depth on 
the position of optical focus with respect to the substrate 
Surface. 

004.5 FIG. 20 is a SEM image of PCL nanowires 
imprinted from an as-machined fused silica template using 2 
wt % PCL solution in chloroform. 
0046 FIG. 21 is a SEM image of polycaprolactone micro 
pillars imprinted from an etched fused silica template using 2 
wt % polycaprolactone solution in chloroform. 
0047 FIG. 22 is a SEM image of PCL-PEG nanowires 
imprinted from an as-machined fused silica template using 2 
wt % polycaprolactone solution in chloroform. 
0048 FIG. 23 is a SEM image of PCL-PEG micropillars 
imprinted from an etched fused silica template using 2 wt % 
PCL-PEG solution in chloroform. 

0049 FIG. 24 is a SEM image of cellulose acetate nanow 
ires (nanocones) imprinted from an as-machined fused silica 
template using 5 wt % cellulose acetate Solution in acetone. 
0050 FIG.25 is a SEM image of cellulose acetate micro 
pillars imprinted from an etched fused silica template using 5 
wt % cellulose acetate solution in acetone. 

0051 FIG. 26 is a SEM image of polyethylene nanowires 
(nanocones) imprinted from an as-machined fused silica tem 
plate using 10 wt % polyethylene solution in toluene. 
0052 FIG. 27 is a SEM image of polyethylene micropil 
lars imprinted from an etched fused silica template using 10 
wt % polyethylene solution in toluene. 
0053 FIG. 28 is a SEM image of PVA nanowires 
imprinted from an as-machined fused silica template using 5 
wt % PVA Solution in DI water. 

0054 FIG. 29 is a SEM image of PVA micropillars 
imprinted from an etched fused silica template using 5 wt % 
PVA Solution in DI water. 

0055 FIG. 30 is a SEM image of PMMA nanowires 
imprinted from an as-machined fused silica template using 10 
wt % PMMA solution in toluene. 
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0056 FIG. 31 is a SEM image of PMMA micropillars 
imprinted from an etched fused silica template using 10 wt % 
PMMA solution in toluene. 
0057 FIG. 32 is a SEM image of Collodion nanowires 
imprinted from an as-machined fused silica template using a 
2% Collodion solution in amyl acetate. 
0058 FIG.33 is a SEM image of Collodion micropillars 
imprinted from an etched fused silica template using 2% 
Collodion solution in amyl acetate. 
0059 FIG. 34 is a SEM image of PDMS nanocones 
imprinted from an as-machined fused silica template using 33 
wt % PDMS solution in n-heptane. 
0060 FIG. 35 is a SEM image of PDMS micropillars 
imprinted from an etched fused silica template using 33 wt % 
PDMS solution in n-heptane. 
0061 FIG. 36 illustrates the rate of deposition of silica as 
a function of exposure time in a first beaker in accordance 
with functionalization of nanostructures of the current tech 
nology. 
0062 FIG. 37 is an SEM image of an array of silica 
nanowires obtained by coating cellulose acetate nanowires 
with silica for 5 minutes in the first beaker in accordance with 
functionalization of nanostructures of the current technology. 
0063 FIG. 38 is an EDS spectrum of the tip of a silica 
nanowire shown on top right. 
0064 FIG. 39 illustrates the absorption spectrum of a 
silica coating recorded on an ATR-FTIR. 
0065 FIG. 40 present SEM images of a silica nanowire 
subjected to gallium ion sectioning in an SEM/FIB. Each 
image represents a different section further down the silica 
nanocone from (A) to (D). The final image (D) shows an 
open-tip silica nanoneedle. 
0.066 FIG. 41 is an SEM image of nanoholes from an edge 
of the 2D gradient pattern. 
0067 FIG. 42 is an SEM image of silica nanoneedles 
made by coating cellulose acetate nanowires with silica. 
0068 FIG. 43 presents SEM images of cells fixed on flat 
silica (A) and silica nanoneedles (B). 
0069 FIG. 44 illustrates a comparison between cellular 
response to flat silica and silica nanoneedles. 
0070 FIG. 45 illustrates how cell behavior can be influ 
enced by the presence and spacing of silica nanoneedles. 
0071 FIG. 46 presents SEM images of nanoholes made at 
the Surface of fused silica by aspheric lens machining at 
different positions normal to the surface of the fused silica. 
(0072 FIG. 47 presents SEM images of cellulose acetate 
replica of nanoholes shown in FIG. 46. 
0073 FIG. 48 are schematic representations of the single 
pulse femtosecond laser machining configurations modeled. 
0074 FIG. 49 illustrates the spot radius at the image plane 
after the laser beam focused through the aspheric lens. 
0075 FIG. 50 illustrates the surface contour of the fast 
Fourier transform (FFT) of the Huygens point spread func 
tion (PSF) at the image plane corresponding to FIG. 49. 
0076 FIG. 51 illustrates a beam path originating from an 
amplified femtosecond laser set-up (bottom left), passing 
through the Zoom lens, and focusing on the Substrate 
(mounted on a motorized stage) through the aspheric lens 
used for single pulse femtosecond laser machining with an 
aspheric lens. 
(0077 FIG. 52 illustrates a front view close-up of the 
aspheric lens and the substrate stage of the system of FIG. 51. 
0078 FIG. 53 illustrates a software model layout showing 
the Zoom lens and the aspheric lens. 
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0079 FIG. 54 illustrates a detail of a software model lay 
out showing the Zoom lens and the aspheric lens. 
0080 FIG. 55 present zero degree tilt SEM images of 
cellulose acetate replicas of nanoholes made at the Surface of 
fused silica by aspheric lens machining. 
0081 FIG. 56 is an irradiance profile of a femtosecond 
laser pulse with +2um LSA (best collimation) as a function of 
axial position near the focal region (focal position 1.76 mm). 
I0082 FIG. 57 is and irradiance profile of a femtosecond 
laser pulse with +27 um LSA as a function of axial position 
near the focal region (focal position=1.711 mm). 
I0083 FIG. 58 is and irradiance profile of a femtosecond 
laser pulse with +49 um LSA as a function of axial position 
near the focal region (focal position=1.711 mm). 
0084 FIG. 59 example methods for casting a nanostruc 
ture in accordance with embodiments of the present technol 
ogy are illustrated. 
0085 FIG. 60 example methods for casting a nanostruc 
ture in accordance with embodiments of the present technol 
ogy are illustrated. 
I0086 FIG. 61 example methods for casting a nanostruc 
ture in accordance with embodiments of the present technol 
ogy are illustrated. 
0087 FIG. 62 example methods for casting a nanostruc 
ture in accordance with embodiments of the present technol 
ogy are illustrated. 

DETAILED DESCRIPTION 

I0088. None of the nanofabrication techniques identified 
herein has so far been reported to produce large area patterns 
of high aspect ratio (at least 10:1) nanoholes of depths more 
than 10 um at high production rates other than single-pulse 
amplified femtosecond laser machining. Substrates with 
user-defined patterns of high aspect ratio nanoholes of depths 
more than 10um can be used in template synthesis of micro/ 
nano structures by replication. Single-pulse amplified femto 
second laser machining is a method by which >25:1 aspect 
ratio and >10 um deep nanoholes may be produced. Tem 
plates produced by this technique can be used to fabricate 
structures by imprinting methods. Also discussed in brief are 
Some applications where these imprinted structures can be 
used. 
0089 Many different types of materials like metals, 
alloys, glass, semiconductors, refractories, composites, and 
polymers have been Subjected to laser treatment and explored 
for myriad applications. Some examples of laser materials 
modification techniques are laser cutting, drilling, welding 
and brazing, alloying and cladding, Surface coating, Surface 
hardening, Surface texturing, milling, machining, semicon 
ductor doping, interference lithography, and Solid freeform 
fabrication. Both continuous and pulsed modes of laser 
operation are used to accomplish these materials modification 
processes. In particular, pulsed mode is employed where high 
peak intensities are required for material modification. 
Embodiments of the present technology involve ablation of 
optically transparent materials that require high peak inten 
sities for permanent structural modification. 
0090. Femtosecond lasers have been widely used for 
micromachining of a variety of transparent materials due to 
their versatility in producing geometrically complex struc 
tures in three-dimensions with very high precision. Nonlinear 
absorption of laser energy by means of multiphoton ioniza 
tion or tunneling ionization followed by avalanche ionization 
causes optical breakdown in transparent materials. Microma 
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chining of wide band gap transparent materials with femto 
second laser pulses has been reported for applications like 
binary storage data, optical waveguides, waveguide splitters, 
waveguide optical amplifiers, nanogratings, microfluidics, 
and flexures. Transparent materials like fused silica, borosili 
cate glass, Soda lime glass, BK7 optical glass, plastic, single 
crystal quartz, diamond and Sapphire have been Successfully 
micromachined with femtosecond laser pulses. 
0091 Fused silica is one of the key transparent substrates 
used extensively for lab-on-a-chip device applications. Fused 
silica offers a combination of properties like wide range of 
spectral transparency, low autofluorescence, good biocom 
patibility, chemical inertness, near Zero thermal expansion, 
excellent thermal shock resistance, and low dielectric con 
stant and losses. Laser induced breakdown infused silica with 
femtosecond pulses was first reported in 1994. Micromachin 
ing of fused silica for lab-on-a-chip applications has been 
accomplished by numerous investigators. 
0092. A highly intense and tightly focused laser pulse 
from an amplified femtosecond (fs) laser system can induce a 
permanent structural change in the bulk of a transparent mate 
rial due to nonlinear absorption. Making use of this nonlinear 
absorption phenomenon, others have demonstrated the for 
mation of high aspect-ratio nanoscale diameter holes, or 
nanoholes, of depths greater than 10 um at the front Surface of 
fused silica by focusing single pulses of temporal length 160 
fs using a high numerical aperture (NA=0.85) microscope 
objective lens. Hole depths were determined by measuring 
the lengths of the nanowires produced by cellulose acetate 
(CA) polymer replication (also termed as nanoimprinting) of 
the patterned fused silica templates, and then validated those 
measurements by focusedionbeam (DualBeamTMSEM/FIB) 
sectioning of the nanoholes. It was found that the nanoholes 
depth measurement by CA polymer nanoimprinting slightly 
underestimates their actual depth, which makes cellulose 
acetate polymer nanoimprinting a valid method for nanohole 
depth estimation. FIG. 1 shows four (4) SEM images 110. 
120, 130, and 140 of nanoholes 102 machined into a fused 
silica substrate using SP-AFL machining. FIG. 2 shows two 
(2) views 210, 220 of an array of CA nanowires 230 obtained 
by nanoimprinting. An SEM image 300 of the sectioned 
nanoholes 302 is shown in FIG. 3. 

0093. Several authors have reported the formation of 
nanoholes in transparent materials by single-pulse femtosec 
ond laser machining. One author produced 8 um deep holes 
by focusing single shots oftemporal length 600 fs at the rear 
Surface of a Corning 0211 glass cover slip using a microscope 
objective with numerical aperture NA=0.65. Another author 
reported the formation of 20-30 um deep nanoholes at the 
front Surface of a Corning 0211 glass cover slip patterned 
using single-shot femtosecond diffraction-free Besselbeams. 
The mechanism(s) responsible for the formation of such deep 
holes by tightly focused single-pulses from an amplified fem 
to second laser are still unclear and open to discussion. A third 
group proposed the longitudinal spherical aberration in the 
focal region of the laser beam caused by the microscope 
objective lens combined with self-focusing to be responsible 
for the formation of nanoholes, whereas others proposed the 
role of self-focusing. Furthermore, studies have hypothesized 
that the laser beam undergoes reshaping upon interaction 
with the glass surface, which leads to the formation of deep 
nanoholes. As yet, none of the reported mechanisms have 
fully expounded the formation of nanoholes. 
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0094. As stated above, there is no nanolithography tech 
nique known yet that can produce high aspect ratio (>10:1) 
and deep (C-10 um) nanoholes economically, conveniently, 
and at high production rate. Although in its infancy, single 
pulse amplified femtosecond laser machining by White et al. 
appears to have filled this gap by which >25:1 aspect ratio and 
>10 um deep nanoholes have been Successfully produced at 
the surface of fused silica. Moreover, cellulose acetate repli 
cation of these nanoholes unveils a novel-yet-simple imprint 
ing strategy for creating high aspect ratio and tall polymer 
structures. In addition, it is possible to modify the physical 
and chemical properties of these imprinted structures by 
functionalizing them to create novel structures. For example, 
silica nanowires can be created by coating a thin layer of silica 
on top of CA nanowires. Similarly, alumina and titania 
nanowires can also be created. As these polymer structures 
have high Surface area, are physically arranged in a controlled 
manner, and can be subsequently functionalized, they are 
useful for a number of applications, such as photovoltaics, 
high Surface area electrodes, and synthetic cell culture Sub 
Strates. 

0095 Nanostructures are routinely fashioned via replica 
tion (also termed imprinting) of patterned Substrates. Some of 
the well-established replication strategies that use nanofabri 
cated templates as molds are discussed earlier herein. Repli 
cation strategies used in Soft lithography and nanoimprint 
lithography are of particular interest as they make use of 
templates with customizable nanoholes, just like SP-AFL 
machined templates. CA film replication of SP-AFL 
machined fused silica Substrate resembles solvent-assisted 
micromolding (SAMIM) of soft lithography. The only differ 
ence being the type of mold used; SAMIMuses soft templates 
(PDMS molds), whereas White et al. used rigid templates 
(fused silica molds). Soft molds like PDMS cannot be used 
with many solvents because of their affinity towards chemical 
reactions, such as Swelling, which severely limits their appli 
cation as templates. Nanoimprint lithography uses rigid tem 
plates like silicon and fused silica, but the replication material 
reported so far has always been in liquid phase, such as 
photoresist and PMMA, which is subjected to either UV 
curing or thermal treatment to form the replica. Moreover, the 
ultimate objective of the polymer replica in nanoimprint 
lithography is to act as a mask to transfer the pattern into the 
Substrate by reactive ion etching. Since nanoimprint lithog 
raphy is dependent on polymer type, its application as a 
replication strategy for imprinting polymer structures is also 
limited. 

0096. This disclosure discusses the capabilities of 
SP-AFL machined fused silica substrates as templates for 
imprinting polymer structures by film based and, in particu 
lar, Solution based replication strategies. Indeed, Solution 
based replication offers several advantages over film-based 
replication (explained later), which makes it more versatile in 
its applicability. One of the applications of polymer structures 
imprinted from SP-AFL machined templates is in cell biol 
ogy, where they can be used as synthetic cell culture Sub 
strates with tunable topography. 
0097. The regulation of cytoskeletal configuration of a cell 
in response to variations in extracellular neighborhood is a 
long established phenomenon, and has remained a key 
research area in developmental biology, biomedical engineer 
ing, and pharmacology. This regulation is governed by sen 
sory mechanisms of the cell that respond to physical and 
chemical signals arising from the micro?nano environment. 
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The cell can assay these signals and undergo a change in its 
morphology, conduct, and/or motility; collectively termed 
morphogenesis. The cellular response to externally applied 
mechanical forces is currently being explored by many 
researchers to understand the physical behavior of different 
cell types. Topography, compliance, texture, and anisotropy 
of the extracellular matrix (ECM) or the cell culture substra 
tum affect these physical forces and influence cell phenotype 
and activity responsible for embryogenesis, cell regeneration, 
and wound healing. Hence, it is essential to understand the 
characteristics of the physical interaction between the cells 
and their interaction with substrate features to further advance 
cell biology and regenerative medicine. 
0098. The effect of substratum topography on cell physi 
ology was predicted as early as the 1890s, and experimental 
observations of these effects coincide with the genesis of cell 
culture in the 1910s by Harrison. Since then studies on 
cellular response to Solid Substrata, also referred to as Stereot 
ropism or thigmotaxis, have been actively pursued. Indeed, 
topographical control of cell behavior has been the subject of 
numerous review articles over the years, focusing on the 
physical characteristics of the interaction between different 
cell types and different topographical features. Early investi 
gations on stereotropism were done on fibrous, mechanically 
roughened, and mechanically patterned (grooves and ridges) 
substrata with unrefined definitions. More precisely patterned 
Substrata with good control on topography and geometric 
profiles were made available with the advent of photolithog 
raphy and electronbeam lithography. Present studies on topo 
graphical control of cell physiology are mostly done by cul 
turing cells on flat substrata with 2D topography in which 
feature size is normally in the range 10 nm to 3 um. 2D 
topography is obtained by creating arrays of features like 
nanogratings, nanopillars, and nanoholes on cell culture Sub 
strata via various micro?nanolithography and nanofabrication 
techniques. The size scale of these topographical features is 
typically smaller than the cell in both lateral and vertical 
dimensions, and has been found to affect the morphology, 
Survival, adhesion, proliferation, and locomotion of certain 
cell types. When features are considerably larger in vertical 
dimension and are spaced at least one cell dimension apart, 
they tend to behave as physical barriers and provide 3D envi 
ronments that specifically influence cell morphology, spread 
ing, and alignment by providing more cell-matrix interaction 
sites, particularly observed in case of fibroblast attachment 
and motility. 
0099 Cell motility is governed by the polarization of the 
protrusions (extension and contraction) of its plasma mem 
brane caused by polymerization and depolymerization of 
actin filaments. Surface receptors like integrins and mem 
brane proteoglycans in the protrusions facilitate physical 
interaction of the cell with its ECM, and provide adhesion to 
the neighboring stroma. However, presence of any feature or 
obstacle near the cell is sensed by these receptors, which 
influences its protrusions and eventually affects cell attach 
ment, orientation, viability, and motility. The phenomenon of 
contact guidance is an example of Such a cellular response to 
topographical features. From materials standpoint, a variety 
of metals, ceramics, and polymers exhibiting Suitable bio 
compatible properties are used to make Substrata for in vitro 
cell culture studies. Currently, polymers are being explored as 
cell culture substrata as they can be easily and efficiently 
patterned via soft lithography with nano/microscale features, 
for example polydimethylsiloxane (PDMS). Micropillar 



US 2013/0216779 A1 

arrays of PDMS and silicon prepared via nanolithography are 
commonly used to study behavior of different cell types in 3D 
micro environments. 

0100 Polymer structures imprinted from SP-AFL 
machined fused silica are a great candidate as synthetic cell 
culture substrates to study cell behavior as they are created by 
a simple replication technique with very high throughput and 
reproducibility. In addition, fused silica is chemically inert to 
organic solvents, so templates made on fused silica last for a 
very long time. With solution based replication strategy, 
structures from virtually any polymer or polymer blend (that 
makes continuous films) can be easily imprinted for cell study 
e.g., polycaprolactone (PCL). Imprinted polymer structures 
can be subsequently functionalized to create bioactive struc 
tures, such as silica nanocones, and used in biological appli 
cations. 

0101 Silica and silica-coated materials constitute a spe 
cial class of materials, which is used in a variety of biological 
and biomedical applications. Silica is chemically inert to 
most organic Substances, which makes it a Suitable host mate 
rial for many biological environments. Silica is a well-known 
catalytic Support. In addition, silica can be easily functional 
ized as the hydroxyl groups (-OH) present at its surface can 
covalently bond with other biochemical molecules, such as 
amino ( NH) and carboxyl ( COOH) groups. Function 
alized silica allows further conjugation with other functional 
groups and biological agents, thus making silica a material of 
choice for many bioapplications. Therefore, materials 
intended for use in biological applications (e.g., nanoparticles 
and quantum dots) are often coated with silica to improve 
their biocompatibility. Biosensing, bioimaging, and drug tar 
geting are some examples where functionalized silica is con 
sistently used. 
0102 Nanoscale Surface coatings or nanoencapsulation 
based on silica has also been a Subject of great interest. 
Nanoscale silica has been successfully produced by methods 
like chemical vapor deposition (CVD), catalyst-controlled 
room temperature chemical vapor deposition, microemul 
Sion, atomic layer deposition, Sol-gel synthesis (Stober's 
method), and liquid phase deposition. Silica coatings for bio 
applications are most commonly produced by solution-based 
methods of sol-gel and microemulsion. However, these meth 
ods require prolonged soaking in chemical Solutions, which is 
unsuitable to imprinted polymer structures (such as the ones 
replicated from SP-AFL machined templates) as they can 
Swell or disintegrate. Furthermore, imprinted polymer struc 
tures cannot be exposed to high temperatures as well because 
they can oxidize or may even burn. Thus, the only way to coat 
polymer structures with silica is by low temperature CVD 
process. Indeed, coating these polymer structures with any 
material should be done at low temperature to maintain their 
structural integrity. Besides low temperature CVD, imprinted 
polymer structures can also be functionalized by Sputtering 
and thermal evaporation methods. Coating processes such as 
sputtering emit fast-moving ions and thermal evaporation 
emit radiation that can distort the shape of thin polymer 
structures, thus cooling the polymer below its glass transition 
becomes imperative to Sustain the impact of ions and heat. 
0103 Single-pulse amplified femtosecond laser machin 
ing has emerged as a direct-write nanolithography technique 
for patterning transparent materials with user-defined 
arrangement of nanoholes. It is based on the principle of 
nonlinear absorption of photons leading to optical breakdown 
in the bulk of the transparent material. Nanoholes are pro 
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duced by tightly focusing amplified femtosecond laser single 
pulses through a high numerical aperture microscope objec 
tive lens at the Surface of the transparent Substrate Such as 
fused silica. Cellulose acetate replication and DualBeamTM 
SEM/FIB cross sectioning of the nanoholes made on fused 
silica reveal that the holes are >10 um deep with aspect 
ratio>25:1 (White et al.). 
0104 CA film replication of the nanoholes produced by 
this technique by White et al. illustrates a facile method of 
creating high aspect ratio polymer structures that are Suitable 
for many applications. Besides polymer films, polymer Solu 
tions can also be used for replication, which will offer com 
plete freedom on the final chemistry of the polymer structures 
and will also allow replication from thermosets. Replicated 
polymer structures can be subsequently functionalized by 
coating with various materials such as oxide dielectrics and 
metals. Silica coated polymer structures can be used in bio 
logical applications. 
0105. The reason behind the formation of high aspect ratio 
nanoholes by tightly focused single femtosecond laser pulses 
is still not clear and open to discussion. A clear understanding 
of nanohole formation is important to the fabrication oftem 
plates as it is to the current debate, as it could lead to improved 
hole parameters, such as diameter, depth, and conical profile. 
Of all the proposed mechanisms, the role of spherical aber 
ration on nanohole formation can be investigated by optical 
modeling and ablation experiments using an aspheric lens. An 
aspheric lens is an optical element with non-spherical Surface 
geometry designed to eliminate spherical aberration in the 
focal region of a perfectly collimated laser beam fully filling 
the entrance pupil of the lens. Herein, an aspheric lens is used 
for laser ablation experiments in collimated (no spherical 
aberration) and non-collimated (with spherical aberration) 
conditions to study the role of spherical aberration on nano 
hole formation. 
0106 Fused silica templates prepared by single-pulse 
amplified femtosecond laser machining can be used as molds 
to create polymer structures by replication. A new replication 
procedure based on polymer Solutions, termed solution cast 
ing, is investigated alongside the already known film based 
replication. Different types of polymer structures are 
imprinted from these templates to demonstrate the versatility 
of the replication procedures. 
0107 Modifying the properties of these polymer struc 
tures by functionalizing or coating with other materials will 
further advance their practical applications. A low-tempera 
ture chemical vapor deposition process is developed to coat 
the polymer structures with silica to create silica structures. 
As silica is used extensively in bioapplications, silica struc 
tures produced by this technique are investigated for applica 
tions in tissue engineering as cell culture Substrates to study 
cell behavior. 
0.108 Investigation of the current technology was con 
ducted in part using a femtosecond laser machining system at 
controlled ambient temperature (21° C.) and atmospheric 
pressure in a class 1000 cleanroom facility. Mounted on a 
vibration isolated optical table, the amplified femtosecond 
laser machining system includes an amplified femtosecond 
laser set-up; and a machining workstation, details of which 
are described in the following paragraphs. 
0.109 FIG. 4 shows a schematic of the femtosecond laser 
set-up 400. The amplified femtosecond laser set-up includes 
a diode pumped frequency doubled neodymium-doped 
yttrium orthovandate (Nd:YVO) laser operating at 532 nm 
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(Coherent, Inc., Verdi V18) 410, a titanium-sapphire laser 
oscillator (Spectra Physics Inc., Tsunami Model-3941) oper 
ating at 76 MHz 420, and a 250 kHz titanium-sapphire regen 
erative amplifier (Coherent, Inc., RegA 9000) 430. The tita 
nium-sapphire laser oscillator 420 seeds the titanium 
Sapphire regenerative amplifier to generate amplified 
femtosecond laser pulses at the rate of 250 kHz, while both 
the oscillator 420 and the regenerative amplifier 430 are 
pumped by the 532 nm green diode laser 410. 
0110. The technical specifications of the 532 nm diode 
pumped solid state laser, the titanium-sapphire laser oscilla 
tor, and the titanium-sapphire regenerative amplifier are 
shown in Table 1, Table 2, and Table 3, respectively. The 
central wavelength of the amplified laser pulse is ~780 nm 
with a temporal length of 160 femtoseconds. The average 
power (P) of the amplified laser pulses at 250 KHZ was cig. 

measured to be ~1.3 W, which gives the maximum pulse 
energy (E) to be ~5.2J (E-P/250x10). FIG.5 and FIG. 
6 illustrate the path 510 of femtosecond laser pulses gener 
ated by the amplified femtosecond laser set-up 400 travelling 
through a neutral density filter 520 and a beam expander 
consisting of two lenses 530 and 540, and delivered to the 
machining workstation via a periscope assembly for the 
machining. The periscope assembly 550 consists of two mir 
rors at 45°, which elevate and guide the laser beam to enter the 
machining workstation at the right orientation. The laser 
pulse energy required for machining is regulated by adjusting 
the neutral density filter 520, whereas the distance between 
the two lenses 530 and 540 in the beam expander is adjusted 
to collimate the beam. The electro-optic switch within the 
Titanium-Sapphire regenerative amplifier 430, also called 
Pockels cell, is externally triggered during machining to 
enable the emission of single laser pulses for the experiments. 

TABLE 1. 

Technical specifications of the continuous wave 
pump laser (Verdi-V18, Coherent, Inc.). 

Output Power >18 W 
Wavelength 532 mm 
Line width <5 MHz 
Beam Diameter 2.25 mm 10% 

Beam Divergence <0.5 mrad 
M2 <1.1 
Pointing Stability <2 Irad, C. 
Power Stability 1% 
Noise <0.03% rms 

Polarization vertical, -100:1 

TABLE 2 

General specifications of the laser oscillator 
(Tsunami Model 3941, Spectra Physics). 

Repetition Rate (nominal) 80 MHz 
Noise <0.2 
Stability <5% 
Spatial Mode TEMoo 
Beam Diameter (1/e) <2 mm 
Beam Divergence, full angle <1 mrad 
Polarization >500:1 vertical 
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TABLE 3 

System specifications of the regenerative 
amplifier (RegA 9000, Coherent, Inc.). 

250 kHz 
160 fs 

Repetition Rate (nominal) 
Pulse Width (FWHM) 
Polarization linear, horizontal, 500:1 
Energy Stability (%rms) <1 
Average Power Drift (%rms) <1 

0111. The laser pulses delivered by the amplified femto 
second laser to the machining workstation via the periscope 
assembly are reflected by an 800 nm dichroic filter mirror into 
the microscope objective lens. The microscope objective lens 
focuses the laser pulses onto the Surface of a fused silica 
Substrate mounted on a stage assembly for machining. The 
stage assembly consists of two independent stages capable of 
moving the substrate in XYZ directions with nanoscale pre 
cision controlled with a LabVIEWTM program and Aerotech 
basic Software. The stage assembly consists of two stages 
mounted on top of each other: 1) ANT95-3-V for vertical 
translation (Z-stage), and 2) ANT95-50-XY nMT for lateral 
translation (Xy-stage). Both the stages are by Aerotech, Inc. 
and have a resolution of 1 nm. A schematic of the machining 
workstation is shown in FIG. 7. Large vertical motions (Z 
direction) are controlled manually and by an additional step 
per motor. multimode fiber 701, fiber optic endplate 702, 
focusing lens 703, long wave pass Raman edge filter 704, 12 
bit digital camera 705.9 mm computer TV lens 706, eyepiece 
707, tube lens 708 and 709, half-mirror 710, white light 
illumination produced from a reflected light vertical illumi 
nator 711, 800 nm dichroic filter mirror 712,532 nm dichroic 
filter mirror 713, 532 nm narrow bandpass filter 714, infinity 
corrected microscope objective 715, xy-stage 716, Z-stage 
717, periscope assembly for redirecting and elevating the 
laser beam 718 and 719. 

0112 500 um thick, double side polished, UV grade fused 
silica wafers (Mark Optics, Inc.) were used to prepare tem 
plates by femtosecond laser machining. Technical specifica 
tions of the fused silica wafers used are shown in Table 4. 
Unless otherwise specified, fused silica substrates of size 1 
cmx1 cm were diced from large wafers (100 mm diameter) to 
be used for machining. All Substrates were cleaned in acetone 
and isopropyl alcohol in order to remove any organic matter 
and dust from the Surface prior to machining. 

TABLE 4 

Technical specifications of the UV grade 
fused silica used for experiments. 

Outside Diameter (O.D.) 100.00mm + 0.20 mm 
Thickness 500 m + 25 Im 
Polished Surface Both sides polished 
Surface Quality (S.Q.) 60,40 
Surface Roughness 20 A 
Total Thickness Variation (T.T.V.) <25 m 

0113 Prior to laser machining, a stylus-based profilome 
ter scans the surface of the substrate to obtain a level surface 
and to map its topography. It is done in two steps in series. The 
first step involves the leveling of the substrate so that it is 
nearly normal to the laser beam during laser machining. Lev 
eling is a process of reducing the Substrate inclination as a 
function of Stylus extension and compression. It is done by 
manually adjusting the tilt of the Substrate in X and y direc 
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tions while the stylus scans the substrate surface. The tilt 
adjustment is continued until areasonable leveling or flatness 
is obtained. 
0114. The second step involves fine scanning of the sub 
strate Surface to obtain detailed topographical information. 
The topography arises due to the presence of hills and Valleys 
(waviness of -2 um) native to the substrate surface, which 
alters its relative position with respect to the optical focal 
point, and eventually affects the machined nanohole size. 
Thus, it is important that all the points in the patterning area of 
interest maintain the same relative position in order to pro 
duce identical nanoholes. The topography data obtained by 
fine Scanning are then fed to the nanostage during laser 
machining, which helps maintain the desired relative position 
for the entire processing area by adjusting the stage move 
ment. A fine scan of the Surface topography is shown in FIG. 
8 

0115 Early work in femtosecond laser machining was 
done with a 60x microscope objective lens with a numerical 
aperture of NA=0.85 and an adjustable correction collar. The 
collar was set to compensate for focusing through a 0.17 mm 
glass coverslip, but the laser was actually focused on the top 
side of the substrate, so that the focus exhibited a significant 
amount of spherical aberration. In the present technology, 
three different microscope objective lenses were used for 
machining in air: (1) 60x (NA=0.85; Nikon CF Plan Achro 
mat 79173), (2) 160x (NA=1.25 in water; Leitz Wetzlar 
Model: OO/OPLAPO), and (3)aspheric singlet lens (NA=0.68: 
Thorlabs C330TME-B). Note that the 60x objective lens was 
used to focus and machine at the top surface, but the laser 
beam entering the objective was collimated, whereas the 
160x objective lens was used dry with an input laser beam that 
was collimated. The 60x and 160x microscope objective 
lenses were used to make fused silica templates for polymer 
imprinting purposes, whereas the aspheric lens was used to 
study the role of spherical aberration on nanohole formation. 
0116 Patterns are made on the substrate by moving the 
xy-stage pre-programmed in a LabVIEWTM program. 
Machining was done by varying two parameters: a) the rela 
tive position of the optical focal point with respect to the 
substrate surface (Z); and, b) the pulse energy (E) of the laser 
beam. Optical (visible eye) focus is defined as the focus 
through the eyepiece on the surface of the fused silica sub 
strate in air with visible light, and it is different from the focus 
of the 780 nm wavelength laser. The distance Z is adjusted by 
moving the Z-stage up or down. The pulse energy (E) is 
determined by the formula E-P1250x10, where P is the 
laser power at 250 kHz measured using a power meter, and is 
varied by adjusting the variable neutral density filter placed in 
the path of the laser beam, see FIG. 5 and FIG. 6. 
0117 Various different types of polymers are used to 
imprint polymer structures from single-pulse femtosecond 
laser machined fused silica templates by Solution-based rep 
lication of the present technology called Solution casting. The 
only exception is cellulose acetate (CA) structures, which are 
usually made by CA films. 
0118. A schematic 900 of the CA film imprinting is shown 
in FIG. 9. CA film replication involves wetting the surface of 
the template 905 with solvent (acetone 910) followed by 
placing a piece of 35um thick CA film 915 on the pattern 920. 
The solvent softens (or may even dissolve) the CA film 915, 
and fills the nanoholes of the pattern 920 by the action of 
capillary force. The softened polymer within the nanoholes of 
the pattern 920 molds against the sidewall of the nanoholes 
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resulting in the formation of a replica 925 of the pattern. Once 
the solvent dissipates, the imprinted polymer film is gently 
peeled off from the template 905 surface to get the replica, 
which consists of polymer structures. 
0119 FIG. 10 shows a schematic of the solution casting 
process 1000. For solution casting, a polymer solution 1010 
prepared by mixing the polymer in a Suitable solvent (e.g. 
polycaprolactone in chloroform) is used. The pattern 1020 on 
the template 1030 is covered with a few drops of the polymer 
Solution and then allowed to dry in normal atmospheric con 
ditions or placed in a vacuum desiccator until the solvent has 
dissipated and a film 1040 has formed on the surface. The 
resulting film 1040 is the imprint or the replica 1050 of the 
pattern 1020, which is carefully peeled off from the template 
1030 similar to CA film imprinting. Sometimes, surface treat 
ment of the templates 1030 becomes necessary for the 
removal (also called lift off) of the polymer imprint 1050. 
Some of the polymer Solutions used to make polymer struc 
tures by imprinting are shown in Table 5. 

TABLE 5 

Polymers used to make polymer structures by solution casting, 
their respective Solvents, concentrations, and Sources. 

Polymer Solvent Wt.% Origin 

Cellulose acetate (CA) Acetone 2-10 Sigma 
Aldrich 

Polycaprolactone (PCL) Chloroform 2 Sigma 
Aldrich 

PCL-Polyethylene Glycol Chloroform 2 BME, 
(PEG) Wanderbilt 
Polyethylene (PE) Toluene 10 SPI Supplies 
Polydimethylsiloxane Heptane 25 Dow Corning 
(PDMS) 
Polymethylmethacrylate Toluene 5-10 Sigma 
(PMMA) Aldrich 
Polyvinyl alcohol (PVA) De-ionized 5 Alfa Aesar 

Water 
Collodion Amyl acetate 2 EMS, PA 

I0120 Polymer structures from the polymers mentioned in 
Table 5 except polyethylene (PE) can be made by the solution 
casting process shown in FIG. 10. Polyethylene solution after 
Solvent evaporation does not form a film, but a loosely con 
nected network of polyethylene powder, which is white in 
color. The template with the white powder network is then 
heated to about 155° C. and thermally soaked at this tempera 
ture for 2 minutes to melt and coalesce to form a transparent 
and continuous polyethylene film. The white powder network 
starts melting around 110° C. and becomes almost clear at a 
slightly higher temperature. The template is then cooled 
slowly after 2 minutes of thermal soaking at 155° C. by 
turning the hot plate off, which takes around 2 hours cooling 
time to room temperature before the film is peeled off from 
the template. 
I0121. A monolayer of antistick coating based on fluoro 
carbons is prepared on the Surface of the template prior to 
imprinting for those polymers that have a tendency to adhere 
to the template and affect lift-off of the imprint e.g., PMMA, 
PDMS, and PVA. In the present technology, antistick coat 
ings are prepared from 1H, 1H,2H2H-perfluorodecyltrichlo 
rosilane. The template with the hole-side facing upwards is 
placed in a desiccator right next to a coverslip glass, and then 
a drop of fluorosilane is placed on top of the coverslip glass. 
As the vacuum is pulled in the desiccator, the fluorosilane 
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starts to evaporate and coats the template with a layer of 
fluorosilane. A coating similar to Teflon in chemical structure, 
(—CF CF ), is formed. 
0122) The dimensions of the imprinted structures depend 
on the dimensions of the nanoholes (lateral and vertical) 
whereas the dimensions of the nanoholes depend on the 
machining parameters used during template fabrication. The 
depth and the cross-section of the nanohole can be reasonably 
decreased by reducing the pulse energy. However, in order to 
increase the dimensions of the nanoholes, the glass template 
needs to be chemically etched. Hydrofluoric acid (HF) is 
known to etch fused silica isotropically and concentrated 
aqueous solution of potassium hydroxide (KOH) is known to 
preferentially attack femtosecond laser affected region in 
fused silica. A combination of isotropic etching in HF and 
anisotropic etching in KOH can thus be used to enlarge the 
nanoholes. In the present case, the nanoholes were enlarged 
by sequential etching, first in HF (LodyneTM, BOE, 6: 1) and 
then in 10M KOH at 80°C. The etching duration depends on 
the desired dimensions of the etched holes. Etched holes with 
up to 2.5 um diameter can be easily produced. Both as 
machined and chemically etched templates are used to 
imprint polymer structures in the present study. To distin 
guish between the two, polymer structures imprinted from 
as-machined templates are termed nanostructures (e.g., 
nanowires and nanocones), whereas those imprinted from 
etched templates are termed microstructures (e.g., micropil 
lars). The term nanoimprinting used frequently in this disclo 
Sure refers to imprinting of nanostructures. 
0123 Imprinted polymer structures such as nanowires can 
be functionalized by coating with different materials, mainly 
noble metals like gold, palladium, and platinum, and dielec 
tric materials like silica, titania, and alumina. 
0.124 Gold, platinum, and palladium can be deposited by 
sputtering at cryogenic temperatures (normally when the 
probe temperature near the sample reaches <-165° C.) in a 
conventional sputtering machine modified with a cryo-stage 
connected to a liquid nitrogen container. The thickness of the 
metal coating is a function of Sputtering time and current 
applied for the given metal. Usually, 15-20 mA current is 
applied for these metals. 
0.125 Silica can be deposited on CA nanowires in a low 
temperature chemical vapor deposition process at 65° C. FIG. 
11 shows a pictorial description of the silica deposition pro 
cess 1100 that takes place in two separate glass beakers 1110 
and 1150. First, a silicon tetrachloride solution (-5 mole %) 
1112 is prepared by mixing 0.6 ml SiCl, and 9.4 ml CC1 in a 
25 ml scintillation vial 1114 with a magnetic stir bar 1116. 
The Scintillation vial is immediately capped after putting 
SiCl, CC1, and the magnetic stir bar 1116 to avoid any 
escape of SiCl, by vaporization. Two glass beakers, one 1100 
with the scintillation vial (1114) and the other vial 1150 with 
a small quantity of de-ionized water (1152), are then placed 
on a digital stirring hot plate 1190 (VWR International, LLC) 
maintained at 65° C. The beakers 1110 and 1150 are main 
tained at that temperature for a minimum of 30 minutes before 
the start of the experiments, which ensures the formation of 
water vapor in beaker 1150. A fresh silicon tetrachloride 
Solution is prepared for each deposition experiment. 
0126 ACA nanoimprint 1118 with erect nanowires pre 
pared from CA film, as described elsewhere herein, is first 
affixed to an SEM peg 1120 using a Lift-n-PressTM sticky tab 
with the nanowires facing upwards, and then the SEM peg is 
mounted on a brass holder 1122. The cap of the scintillation 
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vial in beaker 1110 is opened and immediately the brass 
holder is placed on the neck of the beaker. The beaker is 
positioned such that the CA nanowires 1118 on the SEM peg 
1120 face downward just above the scintillation vial 1114 and 
are exposed to silicon tetrachloride vapor 1124 for adsorp 
tion. The exposure time in beaker 1110 (t) is recorded right 
after the brass holder is placed on the beaker. It is varied from 
1 minute to 6 minutes to study the effect of SiCl exposure 
time on silica coating thickness, whereas the exposure time in 
beaker 1150 with deionized water 1152 is kept constant at 5 
minutes for all the experiments. It was found that 5 minutes 
exposure to water vapor in beaker 1150 is sufficient to hydro 
lyze all the silicon tetrachloride molecules adsorbed on the 
surface of cellulose acetate in beaker 1110; hence, longer 
exposure times are not required. Silica coated cellulose 
acetate nanowires are termed silica nanowires or silica nanon 
eedles herein. 

I0127. Nanoholes, etched holes, imprinted polymer struc 
tures (nano and micro), and functionalized polymer struc 
tures are individually characterized. 
I0128. Holes produced at the surface of fused silica (as 
machined nanoholes and chemically etched microholes), 
imprinted polymer structures (from as-machined and chemi 
cally etched fused silica templates), and functionalized poly 
merstructures were imaged with various field emission scan 
ning electron microscopes, most commonly FE-SEM (JSM 
6320, JEOL) and FIB-SEM (Lyra 3, TESCAN). As the length 
of the imprinted polymer structure corresponds to the depth 
of the hole, the length of the polymer structure is measured in 
the SEM image to determine the hole-depth. Unless other 
wise stated, all imprints are imaged at 45° stage tilt of the 
SEM. The length of the polymer structure measured in the 
SEM image is that of its projection at 45°, so the true length 
is determined by multiplying the projected length by V2. 
However, it is true only for those structures that are standing 
without bending or falling over, and only those structures that 
were standing were used for calculations. 
I0129. Silica coating deposited on cellulose acetate nanow 
ires was characterized to understand the physical behavior of 
the deposition process and the chemical composition of the 
coating. SEM images of silica nanoneedles produced at dif 
ferent values of exposure time (t) to silicon tetrachloride 
(beaker 1110) were taken to determine the deposition rate of 
silica. The deposition rate was determined by measuring the 
width of the silica nanowires at a projected length of 6 um. 
Thirty (30) measurements on separate nanowires were made 
to obtain Sufficient data for statistical analysis. The coating 
thickness (d) was determined using the following formula 
where, Dso", is the width of the silica nanowire for the 
corresponding soaking time t, and D is the mean width of 
the uncoated cellulose acetate nanowires measured in the 
same manner on the control sample. 

Dio, - DCA 
d, = -r-, - 

0.130. The standard deviation in the coating thickness 
(O?) for eacht, was expressed in terms of the standard devia 
tion in the width of the silica-coated nanowire (Os, o.") and the 
standard error in the mean width of the uncoated cellulose 
acetate nanowire (O") using the equation: 
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0131) An energy dispersive spectrometer (EDS) spectrum 
of the tip of a silica nanowire was taken with a Thermo EDS 
System 7 on a JSM-7600F thermal FE-SEM. Although EDS 
information is not quantitative, it does reveal the elemental 
composition of the coating. 
0132) An absorption spectrum of the silica coating was 
recorded on an attenuated total reflectance-Fourier transform 
infrared spectrometer (ATR-FTIR model ALPHA-P by 
Bruker Optics) in the frequency range 4000-375 cm. The 
FTIR discerns the presence of different chemical bonds 
present in the coating. A small piece of silica coating depos 
ited on gold-coated glass coverslip (5 minutes in beaker 1110) 
was scratched to obtain a sample for recording the absorption 
spectrum. Several samples were tested from different silica 
coating samples (all made at 5 minutes) to ensure reproduc 
ibility of the results. 
0133) A silica nanowire (made at t=5 minutes) was sub 
jected to focused ion beam sectioning to see the coating 
cross-section using a Hitachi NB5000 NanoDUET FIB 
SEM with a gallium current of 20 LA. The cuts were made at 
different positions of the nanowire starting near the tip of the 
nanowire to up to 9 um projected length from the Substrate 
base. SEM images were continually captured while the cuts 
were made. 

0134 Silica coated cellulose acetate nanowires, or silica 
nanoneedles, can be used as cell culture Substrates to study 
cell behavior in 3D microenvironment created by silica 
nanoneedles. Cell culture experiments were performed using 
NIH 3T3 mouse embryo fibroblasts. Fibroblasts from 3T3 
cell lines can be cultured on silica nanoneedles and silica flat 
Substrate (as control for comparison), both of can be prepared 
by depositing silica on cellulose acetate under similar condi 
tions. 

0135 Forcell culture experiments, the pattern made on the 
template can be a 2D gradient in nanohole spacing consisting 
of four identical quadrants, where each quadrant is made up 
of one gradient pattern of nanoholes. The pattern can be made 
by focusing single laser pulses (E -5.2 LLJ) through a 160x 
(NA=1.25 in water) microscope objective lens in air. In each 
gradient pattern, the spacing between the Successive nano 
holes can be increased by 1 um in both X and y directions 
starting from 10 um at the densest location (edge) up to 50 um 
at the sparsest location. The spacing can be reduced by 1 um 
per hole from 50 um to 10 Lum to complete the 2D gradient 
quadrant. FIG. 12 shows a demonstrative picture (not to scale) 
of the gradient pattern 1200 made on the template. Here, each 
black dot, e.g., 1210, represents a nanohole made by focusing 
a single laser pulse through a 160x microscope objective lens. 
The pattern 1200 is a 2x2 matrix of four quadrants. Each 
quadrant is formed by increasing the spacing between suc 
cessive nanoholes by 1 um starting from 10 um in the densest 
location to 50 um in the sparsest location and then decreasing 
from 50 um to 10 um at 1 um decrements. A quadrant is a 
matrix of 84x84 nanoholes, and a 2x2 matrix of these quad 
rants forms the 2D gradient pattern with 168x168 nanoholes 
i.e., a total of 28.224 nanoholes in the pattern The template 
thus prepared can be subjected to chemical etching in buff 
ered oxide etch (LodyneTM, BOE, 6:1) for 30 seconds fol 
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lowed by rinsing in DI water, and then neutralized in 10M 
KOH for 3 minutes followed by rinsing in DI water (all at 
room temperature) prior to further use. In a sample prepared 
in this fashion, the depth of the nanoholes was determined to 
be at least 14 um by cellulose acetate replication. The average 
entrance diameter was 750 nm post-etching. This template 
with 2D gradient nanoholes is termed wide gradient template 
herein. Other gradient patterns are contemplated to facilitate 
direction growth of the cell culture. 
0.136 ACA replica imprinted from the wide gradient tem 
plate and a flat CA film (both 35um thick) can be glued to two 
separate 170 um glass coverslips using a thin layer of uncured 
PDMS (10:1 mass ratio, Sylgard(R) 184, Dow Corning Cor 
poration) as an adhesive. Flat-CA-on-uncured-PDMS-on 
glass-coverslip and CA-replica-on-uncured-PDMS-on 
glass-coverslip can be left at room temperature for 24 hours 
for the uncured PDMS to crosslink, which makes their further 
handling easier during silica deposition. After PDMS curing, 
both the glass coverslips can be placed on aluminum SEM 
pegs using sticky tabs (Lift-N-PressTM, Structure Probe Inc., 
West Chester, Pa.) and subjected to silica deposition as 
described herein and shown schematically in FIG. 13. In both 
the cases, the exposure time in beaker 1110 (i.e., to silicon 
tetrachloride solution) can be kept 5 minutes followed by 5 
minutes in beaker 1150 for hydrolysis to form silica. It results 
in the formation of 240+40 nm thicklayer of silica. Both silica 
nanoneedles and flat silica Substrates can be used as cell 
culture substrates to study NIH 3T3 fibroblasts. 
I0137 Cell culture experiments were performed using the 
structure described above. NIH 3T3 mouse embryo fibro 
blasts were maintained in Dulbecco's Modified Eagle's 
Medium (DMEM, Gibco Cell Culture, Invitrogen, Carlsbad, 
Calif., USA) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS, Gibco) with 1% penicillin-streptomycin 
(P/S, Gibco) on tissue culture polystyrene in a water jacketed 
incubator at 37°C. and 5% CO. For experiments, cells were 
seeded at a density of 80,000 cells/cm and cultured either 
overnight or for three days for attachment/viability or immu 
nocytochemistry experiments, respectively, on both silica 
nanoneedles and flat silica control Substrate. For attachment 
and viability experiments, cells were treated with 4 uM Cal 
cein AM (Molecular Probes, Invitrogen) in phosphate buff 
ered saline (PBS, Gibco) for 15 minutes at 37° C. For immu 
nocytochemistry, cells were fixed with 4% paraformaldehyde 
for 15 minutes, permeabilized with 0.25%TritonX in PBS for 
10 minutes, and blocked with 10% goat serum in PBS. Unless 
otherwise Stated, all steps were performed at room tempera 
ture. Cells were then incubated with phalloidin (Molecular 
Probes) for 20 minutes or 1:100 rabbit anti-mouse a smooth 
muscle actin primary antibody (CSMA, Abcam, Cambridge, 
Mass.) overnight at 4° C., followed by treatment of 1:50 
FITC-conjugated goat anti-rabbit secondary antibody (Ab 
cam) for 2 hours. Cells were imaged using a Nikon Eclipse Ti 
inverted fluorescence microscope (Nikon Instruments, Inc., 
Melville, N.Y.). Images were analyzed with Image J (Na 
tional Institutes of Health, Bethesda, Md.) and n250 cells 
from neS images were used for quantification. Individual 
cells, not those in aggregates, were quantified for shape 
descriptors (i.e., average cell area and average cell perimeter). 
0.138 Cell morphology was further investigated by SEM 
analysis after cell fixation. For SEM analysis, cells were fixed 
on silica nanoneedles and flat silica control with 2.5% glut 
araldehyde in PBS for 2 hours at room temperature followed 
by rinsing in PBS (x2) and then ultrapure water (x3). Fixed 
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cells were treated with 1% osmium tetroxide in PBS for 1 
hour at room temperature followed by rinsing in ultrapure 
water (x3). Fixed cells were then subjected to dehydration, 
first in graded ethanol in water (30%, 50%, 70%, 95%, and 
3x100%) and then in graded ethanol in HMDS (30%, 50%, 
70%, 95%, and 3x100%) followed by supercritical drying 
(Polaron E3000) before SEM analysis. In the present work, 
unless otherwise specified, all fused silica templates were 
patterned at the maximum pulse energy of 5.2 LJ using the 
laser system explained earlier herein. 
0.139. The size of the nanoholes patterned by femtosecond 
laser machining is affected by the position of the focal spot 
within the substrate as it alters the location of the optical 
breakdown. In developing the present technology, the effect 
of the relative position of the optical focus with respect to the 
Surface of fused silica Substrate on the nanohole size was 
investigated. The patterning experiment was performed in air 
using a 160x microscope objective lens (NA=1.25) at the 
maximum pulse energy of 5.2LJafter leveling the Substrate as 
described elsewhere herein. The sharpest image of the sub 
strate seen through the microscope objective lens with the 
visible light was marked as the optical focus, and its position 
was recorded as Z=0, where Z is the position of the vertical 
axis. It must be noticed that the focus of the 780 nm wave 
length is different from the visible light focus, and is com 
paratively more difficult to determine. In addition, the posi 
tion of the optical focus recorded as Z=0 may vary from user 
to user as it is determined with the naked eye. The relative 
position of the optical focus was varied by adjusting the 
Vertical movement of the Substrate mounted on a nanostage 
(Z-stage) with respect to the optical focus at Z=0. Nanoholes 
were patterned on a 500 um thick fused silica substrate cov 
ering a range of vertical motions above and below the optical 
focus. Referring to FIG. 14, the Z-stage was moved at an 
increment of 1 um from Z=-6 um 1410, to Z=+2 um 1430, 
passing through the optical focus at Z=0 1420. Here, positive 
values of Z mean the optical focus is above the substrate 
Surface by that amount and is obtained by moving the Z-stage 
down. 

0140 SEM images of nanoholes 1500 thus produced and 
their corresponding cellulose acetate replicas 1600 are shown 
in FIG. 15 and FIG. 16, respectively. The laser pulse (red) is 
focused through a microscope objective lens onto the Sub 
strate (rectangular box) mounted on the Z-stage. The stage is 
moved up and downto change the position of the optical focus 
with respect to the substrate surface. Z=0 corresponds to 
optical focus on the substrate surface (b); Z-positive corre 
sponds to optical focus above the substrate obtained by mov 
ing the stage down (a), and Z-negative corresponds to optical 
focus within the bulk of fused silica obtained by moving the 
stage up (c). The blue dotted line corresponds to the optical 
focus Z=0. 

0141. It can be seen from the SEM images that the relative 
position of the optical focus affects the size of the nanohole. 
In addition, it can be seen that the entrance of some nanoholes 
is not fully circular, which can be attributed to the spatial 
profile of the laser pulse used for machining. The spatial 
profile of the laser beam in the present case was elliptical with 
near-Gaussian intensity distribution. At Z-6 um, the posi 
tion of the optical focus is so deep into the substrate that the 
nanoholes do not fully open and remain embedded in the 
substrate. This is possibly due to the inability of the plasma to 
escape from Such a depth. 
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0142. The nanohole depth was determined by measuring 
the length of the corresponding cellulose acetate imprint in 
the SEM image. Since the length of the imprint in the SEM 
image is that of its projection at 45°, the actual length was 
determined by multiplying it with V2 as shown in FIG. 17. 
The dependence of nanohole size (diameter and depth) on the 
relative position of optical focus with respect to the substrate 
surface is shown as graphs in FIG. 18 and FIG. 19. 
0.143 Both as-machined and chemically etched fused 
silica templates, described elsewhere herein, can be used for 
Solution casting to create polymer structures. Polymer struc 
tures imprinted from as-machined templates are termed nano, 
whereas those from etched templates are termed micro to 
differentiate between the two. In addition, depending on the 
morphology, polymer structures imprinted from as-machined 
templates are referred to as nanowires or nanocones, whereas 
those from etched templates are referred to as micropillars 
herein. The process of solution casting is so versatile that any 
polymer that forms continuous film, with or without the assis 
tance of external energy like heat or UV light, can be used to 
imprint structures from these templates. Polymer solutions 
not only refer to polymers dissolved in solvent, but also 
polymers that can be obtained in liquid form e.g., resins. In 
the present technology, select polymers with different physi 
cochemical properties, but of current research interest, can be 
Subjected to solution casting to create nano- and micro-struc 
tures. The following polymers can be used, a commonly used 
synthetic fiber—cellulose acetate (CA); a ubiquitously used 
linear chain hydrophobic polymer polyethylene (PE); two 
biosorbable polymers polycaprolactone (PCL) and PCL 
polyethylene glycol (PEG); a water soluble polymer poly 
vinyl alcohol (PVA); a widely used multi-purpose hard plas 
tic polymethylmethacrylate (PMMA); a 3D cross-linking 
polymer polydimethylsiloxane (PDMS); a commercially 
available nitrocellulose—Collodion; a commonly used struc 
tural plastic polyvinyl chloride (PVC); and a proton con 
ducting ionomer used in fuel cells Nafion 117(R). All these 
polymers structures were imprinted from the same as-ma 
chined and etched templates. 
0144 Polycaprolactone (PCL) is a low melting point bio 
degradable polymer. Chemically, it is a polyester of molecu 
lar formula (CHO), and is synthesized by ring opening 
polymerization of 6-caprolactone in the presence of stannous 
octoate. PCL finds applications in biomedical engineering 
Such as long term implants and (targeted) drug delivery 
vehicles because of its slow degradation in physiological 
conditions by the hydrolysis of its ester linkages. PCL is 
hydrophobic in nature and is often copolymerized with 
hydrophilic polymers (e.g., polyethylene glycol and hyper 
branched polyglycidol) to synthesize amphiphilic block 
copolymers. In the present technology, nanowires and micro 
pillars of PCL and PCL-8 wt % PEG can be made by solution 
casting of their respective solutions made in chloroform. FIG. 
20 and FIG. 21 show SEM images of PCL nanowires and 
micropillars, respectively, as prepared by the methods 
described herein. PCL-PEG nanowires and micropillars are 
shown in FIG. 22 and FIG. 23, respectively. 
0145 Chemically, cellulose acetate is the acetate ester of 
cellulose, a naturally occurring polymer. It is mostly used in 
the form of films and fibers. Cellulose acetate films were first 
introduced in photography as a replacement for the highly 
flammable nitrocellulose films as base materials for photo 
graphic emulsions. Later, cellulose acetate films were shown 
to be very useful as a replication material in microscopy for 
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metallographic studies of metallic and biological samples. 
Indeed, it is known to use microscopy grade cellulose acetate 
films to determine the depth of femtosecond laser machined 
high aspect ratio nanoholes by replication. Cellulose acetate 
films can replicate these deep features without any observable 
stretching. Cellulose acetate is also used as a semi-permeable 
membrane in separation processes and films/filters in bio 
medical applications. One of the most common methods for 
the preparation of cellulose acetate fibers is electrospinning, 
and the cellulose acetate fibers thus produced in the form of 
mats have been examined as antimicrobial Surfaces and drug 
delivery agents. The size of electrospun cellulose acetate fiber 
is usually controlled by adjusting the solvent system, and 
fibers with diameters in the range 100 nm to 5 um have been 
Successfully fabricated. In the present technology, ACS grade 
acetone can be used as the solvent to prepare cellulose acetate 
solution for solution casting. It was found that a 5 wt % 
cellulose acetate (average molecular weight 30,000) solution 
can form films that can be peeled off from the template. Dilute 
Solutions of cellulose acetate (e.g., 2 wt %) can also be used to 
form peelable films by casting multiple layers. FIG. 24 and 
FIG. 25 show cellulose acetate structures imprinted from 
as-machined templates (CA nanowires) and etched templates 
(CA micropillars), respectively. 
0146 Polyethylene is one of the most widely used plastic 
materials in the world with majority of its applications in 
packaging industry. It is produced by polymerization of eth 
ylene and its chemical formula is usually (CH4). It is further 
classified into several categories depending on the density 
and degree of branching. The two classes of polyethylene 
used predominantly are high-density polyethylene (HDPE) 
and low-density polyethylene (LDPE). HDPE (p20.941 
g/cm) has strong intermolecular forces and high tensile 
strength due to a low degree of branching, whereas LDPE 
(p=0.91-0.94 g/cm) has weak intermolecular forces and low 
tensile strength due to a high degree of short and long chain 
branching. HDPE is generally used to make structures and 
components for storage applications, whereas LDPE is com 
monly used to make films and rigid containers. Besides 
HDPE and LDPE, ultra high molecular weight polyethylene 
(UHMWPE) is also used in a variety of applications because 
of its high toughness in addition to excellent chemical resis 
tance and low wear rate. UHMWPE also finds applications in 
biomedical engineering to make parts for hip and knee 
implants. Although it is always coated with hydroxyapatite or 
calcium phosphate to improve its cytocompatibility, it was 
recently shown that nanostructured polyethylene shows 
increased osteoblast and endothelial cell adhesion and can be 
explored for its applications in orthopedic and Vascular appli 
cations. In embodiments of the present technology, nanow 
ires and micropillars of polyethylene can be imprinted from 
the templates by solution casting in which an additional heat 
ing step can be used. The process is described elsewhere 
herein. SEM images of polyethylene nanowires and micro 
pillars are shown in FIG. 26 and FIG. 27, respectively. 
0147 PVA is a non-toxic and water-soluble synthetic 
polymer with molecular formula (CHO). The structural 
monomer of PVA is vinyl alcohol, which is unstable. It only 
exists in its tautomer form acetaldehyde, which is a more 
stable compound. Thus, PVA is not prepared by polymeriza 
tion of its monomer like other polymers. Instead, it is pre 
pared from polyvinyl acetate (PVAc) by hydrolysis where the 
ester linkages in PVAc are substituted with hydroxyl groups. 
Some common uses of PVA are: preparation of contact lens 
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and polarizer, water transfer printing, and as a packaging 
material in food industry. PVA is also a potential biomaterial. 
In embodiments of the present technology, PVA (mol. wt. 
~30,000) structures can be made from its solution prepared in 
DI water, and are shown in FIG. 28 and FIG. 29. 
0148 PMMA is a transparent polymer with molecular 
formula (COH)n. It is a lightweight thermoplastic with 
good resistance to shattering, and is often used as an alterna 
tive to inorganic glass and polycarbonate. It is thus also called 
acrylic glass. PMMA is usually chemically modified for prac 
tical purposes. Due to its low cost and transparent nature, 
PMMA is used in a variety of applications, such as lenses and 
windows for automobiles and aircraft, viewing ports in under 
water vehicles, aquariums, daylight redirection systems, and 
aesthetic structures. Because of its good compatibility human 
tissue, PMMA is also used in medical technologies and 
preparation of biological implants e.g., cosmetic and ortho 
pedic surgery. PMMA is also found to be an attractive mate 
rial for microfluidic lab-on-a-chip devices. In embodiments 
of the present technology, PMMA structures can be imprinted 
using its solution in toluene. SEM images of PMMA nanow 
ires and micropillars are shown in FIG. 30 and FIG. 31, 
respectively. 
0149 Collodion is essentially a solution of nitrocellulose. 

It finds applications as a glue to attach electrodes to the head 
for electroencephalography, cleaning agent for telescope 
optics, and as a replication material in microscopy. In 
embodiments of the present technology, Collodion structures 
can be imprinted using its commercially available 2% solu 
tion in amyl acetate (Parlodion). FIG. 32 and FIG. 33 show 
the SEM images of Collodion nanowires and micropillars, 
respectively. 
0150 PDMS is also a transparent polymer and it belongs 
to the family of organosilicon compounds called silicones. Its 
molecular formula is (CHOSi)n. It is hydrophobic, non 
toxic, not flammable, heat resistant, and inert to most chemi 
cal Substances. It finds applications as contact lenses and 
medical devices. PDMS is currently a material of choice for 
microfluidic lab-on-a-chip devices and elastomer stamps for 
Soft lithography. Commercially available two-part silicone 
elastomer kit Sylgard 184 is the most common material used 
to prepare PDMS. The two parts, base and curer, are usually 
mixed in 10:1 mass ratio and cured eitherin room temperature 
or at elevated temperature (usually 80° C. for 2 hours) for 
cross-linking. The mechanical properties of PDMS can be 
altered by varying the base to curer ratio. Uncured PDMS 
mixture is too viscousto fill the nanoholes of the templates, so 
its viscosity can be reduced by mixing in n-heptane. In 
embodiments of the present technology, PDMS structures 
can be imprinted using a 33 wt % PDMS (10:1 base to curer 
ratio) solution in n-heptane. SEM images of PDMS nanow 
ires (nanocones) and micropillars are shown in FIG. 34 and 
FIG.35, respectively. 
0151. PCL and PCL-PEG structures imprinted from as 
machined fused silica templates are shown in FIG. 20 and 
FIG. 22, respectively. The imprinted structures appear to be 
30-40 um long nanowires compared to ~ 15 um deep nano 
holes they are imprinted from. Apparently, these nanowires 
undergo a lot of stretching during the imprint lift-off process. 
It can be reasonably explained with the help of various forces 
acting on the polymer within the nanoholes during their lift 
off. The adhesive strength between the glass nanohole and the 
polymer exceeds the tensile strength of the respective poly 
mers (PCL and PCL-PEG). Consequently, the polymers yield 
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during their lift-off, which results in their stretching. PCL and 
PCL-PEG nanowires stretch even when the templates are 
coated with antistick to help release the imprint. Furthermore, 
freezing the PCL and PCL-PEG imprints below their glass 
transition temperature (<-60°C.) before lift-offalso does not 
avoid their stretching. These nanowires were measured to be 
around 100 nm wide near their tip. Since the wires come out 
very long (>30 um) due to stretching and are not stiff enough 
to carry their weight, they fall over acquiring the appearance 
of nanocarpets or nanomats. The stretched and fallen PCL 
and PCL-PEG nanowires have very high surface area and 
aspect ratios greater than 200:1. 
0152 SEM images of CA, PE, PVA, PMMA, and Collo 
dion structures imprinted from as-machined templates are 
shown in FIG. 23, FIG. 26, FIG. 28, FIG. 30, and FIG. 32, 
respectively. The dimensions of these structures are fairly 
close to that of the nanoholes and morphologically they 
appear as nanowires or nanocones with their base diameter 
around 750 nm and tip diameter around 150 nm. It can also be 
seen that most of the polymer nanocones/nanowires slightly 
bend in one common direction whereas some tend to bend in 
random orientations. The yield of the imprinted structures 
(i.e., the total number of imprinted structures with respect to 
the total number of nanoholes in the pattern) can be very high 
as most of the nanoholes are successfully replicated. How 
ever, some polymer nanocones tend to break (CA and PE) or 
stretch (PMMA) during lift-off. The yield, to a certain degree, 
can improve if adequate time is given for the solvent to 
dissipate before the imprint lift-off. Most PDMS nanocones 
tend to fall over unlike any other polymer nanocones, but 
without breaking. It can be attributed to the low Young's 
modulus of PDMS, which is <1 MPa for any given base to 
curer ratio. Moreover, the chemical structure and mechanical 
properties of PDMS are very different from other polymers 
discussed herein. Its 3D cross-linked structure together with a 
combination of very long Si-O skeletal bond, unobstructed 
skeletal oxygen atoms, and large Si-O-Si bond angle of 
143° provide it with extraordinary dynamic flexibility and 
deformability. The polymer structures imprinted from the 
etched template adopt the shape and dimensions very close to 
that of the cylindrical holes they are cast from. Morphologi 
cally, they appear as micropillars though their textures vary 
because of their physicochemical properties. The yield can 
approach 100% in all the polymers. 
0153. Thin film imprinting is suitable for those polymers 
that can be obtained or prepared in the form of thin films (e.g., 
cellulose acetate and polyvinyl chloride) and at the same can 
be softened by a readily available solvent, thus making it a 
highly selective process. Thus, polymers that do not soften or 
dissolve in any solvent cannot be used to make polymer 
structures by thin film imprinting e.g., thermosets like poly 
dimethylsiloxane (PDMS). In comparison, solution casting 
can be used to imprint polymer structures from virtually any 
polymer that forms continuous films. Blending different 
polymers or reinforcing polymers with other polymers or 
non-polymeric materials leads to the formation of multifunc 
tional polymers with novel properties for a variety of appli 
cations in particular biomedical engineering. Such multifunc 
tional polymer structures with varying chemical composition 
and tunable physical properties can be more efficiently pre 
pared by solution casting than thin film imprinting. Further 
more, heterogeneous structures composed of multiple layers 
of different polymers can be prepared by Solution casting, 
which are otherwise not possible with thin film imprinting. 
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Thus, Solution casting offers several advantages over thin film 
imprinting, and can be employed for fabrication of novel 
polymer structures for advanced technologies. 
0154 Polymer structures imprinted from templates can be 
functionalized by coating with different materials in order to 
modify their physical, chemical, and biological properties. 
Functionalized polymer structures are useful for a number of 
applications e.g., photovoltaics, high Surface area electrodes, 
and synthetic cell culture substrates. In embodiments of the 
present technology, polymer structures can be coated with 
noble metals (gold, platinum, and palladium) by Sputtering, 
and with silica by chemical vapor deposition. 
0155 Noble metals can be coated at cryogenic tempera 
tures in a sputtering machine as described elsewhere herein. 
The thickness of the metal coating can be varied by changing 
the Sputtering time and applied current/voltage. However, 
sputtering is a line-of-sight deposition process, which affects 
the metal coating coverage on the Surface of the imprinted 
polymer structures. The sidewalls of the polymer structure 
receive considerably less amount of metal coverage when 
compared to the tips of the polymer structures. Nevertheless, 
the coating coverage can be improved by tilting and spinning 
the polymer imprints for which the sputtering instrument will 
need a stage for Sample manipulation. All the SEM images of 
the polymer structures shown herein are taken after coating 
with noble metals, mostly platinum, below -165° C. Besides 
noble metals, the imprinted polymer structures can be coated 
with other materials as well. Such as insulators and metals, 
provided the deposition temperature is low enough to avoid 
polymer softening or disintegrating. 
0156. In embodiments of the present technology, a low 
temperature chemical vapor deposition process can coat cel 
lulose acetate nanowires with silica to prepare silica nanow 
ires (or nanoneedles). It is a two-step chemical vapor depo 
sition, which deposits a thin layer of silica atop thin film 
imprinted CA nanowires at 65° C. by hydrolysis of silicon 
tetrachloride (SiCl). Two separate beakers can be used for 
silica deposition: one with silicon tetrachloride Solution and 
the other with water. The surface of CA nanowires can be 
covered with SiCl, in the first beaker, which cam be hydro 
lyzed to form SiO, in the second beaker. The silica coating 
thickness can be studied as a function of exposure time in 
beaker 1110. The exposure time in beaker 1150 can be kept 
constant at 5 minutes, which is sufficient for the complete 
hydrolysis of SiCl, molecules adsorbed at the surface of CA 
nanowires in beaker 1110. The coating thickness can be deter 
mined for the first 6 minutes with the help of SEM images of 
the corresponding silica nanowires. 
0157. The rate of silica deposition as a function of expo 
sure time in beaker 1110 (SiCl, solution) is shown in FIG.36. 
FIG. 37 shows an SEM image of an array 3700 of silica 
nanowires obtained after 5 minutes exposure in beaker 1110. 
In order to confirm the formation of silica, a silica nanowire 
can be subjected to elemental analysis using EDS. The EDS 
analysis, spectrum3800 shown in FIG.38, confirms the pres 
ence of silicon and oxygen. It reveals the presence of silicon 
and oxygen in the coating. The sample was coated with pal 
ladium prior to SEM/EDS analysis, thus shows up in the EDS 
spectrum. Although it is a qualitative measurement, the EDS 
spectrum does reveal the presence of silicon and oxygen in 
the coating, thus confirming the formation of silica. To further 
characterize the silica coating, an absorption spectrum can be 
recorded on an ATR-FTIR and is shown in FIG. 39. 



US 2013/0216779 A1 

0158. The mid-infrared absorption spectrum of the coat 
ing shown in FIG. 39 reveals the presence of various vibra 
tional modes in silica, and gives more information about its 
chemical structure. It shows the presence of various Si-O- 
Si and O Hvibration modes. The broadband in the interval 
3700-3000 cm 3910 corresponds to the intensive overlap 
ping of the stretching modes in hydrogen-bonded hydroxyl 
bands produced by O—H bonds in water and Si-OH. A 
small peak at ~1635 cm 3920 is usually attributed to the 
deformation vibrations of the O H groups in physically 
adsorbed molecular water at the Surface of silica coating and 
its weak intensity confirms the presence of very low amount 
of molecular water in the coating. A sharp peak at ~927 cm 
3930 appears due to the stretching vibrations of Si-OH or 
Si-O groups in silica, which indicates the presence of a 
large number of silanol groups on the coating Surface. The 
band at 1000-1300 cm 3940 appears due to the anti-sym 
metric stretching of Si-O-Sibonds in silica. This band can 
be resolved into a peak at 1041 cm (TO) and a shoulder 
around 1156 cm (TO). The TO, peak in silica is usually 
found at 1082 cm and its shifting towards lower frequen 
cies, 1041 cm in the present case, has been reported to be 
associated with oxygen deficiency and lower three-dimen 
sionality in the structure of silicon oxide. It indicates that the 
Stoichiometry of the silica coating in the present case is SiO, 
with x<2. Furthermore, the peak appearing at 799 cm' is due 
to the bending vibration of Si-O-Si bonds. A peak due to 
the bending modes in Si-OH bonds also appeared around 
-790 cm 3950; however, it is very close to the Si-O-Si 
bending mode and cannot be seen clearly in the spectrum. A 
series of peaks appears in the lower frequency region from 
448 to 424 cm 3960, which could have arisen due to the 
combination of bending and rocking modes of Si-O-Si or 
O—Si-O bonds in the coating. However, it is very difficult 
to resolve and identify all these peaks in detail. 
0159. A silica nanowire produced by coating for 5 minutes 
was sectioned using a focused ion beam instrument to view its 
cross-section. A series of SEM images were captured while 
sectioning the silica nanowire, and are shown as a composite 
picture in FIG. 40. The tip of the silica nanowire was cut with 
a gallium current of 20 LA at the projected length of ~9 um 
from the base (i.e., ~13 Lumactual length). The inset (A) shows 
the CA nanowire 4010 at the center of the structure. A 
sequence of cuts was made further down the silica nanowire; 
two of them are shown in (B) and (C), where the silica coating 
4020 and CA 4010 can be easily distinguished by contrast. In 
addition, the silica coating thickness and CA nanowire diam 
eter can also be clearly seen as well. The FIB milling angle 
was slightly changed to drill into the CA nanowire and reveal 
the interior of the silica nanoneedle 4020 (D). It indicates that 
the silica coating is around 125 nm thick and the CA nanowire 
is 175 nm in diameter at that particular location on the silica 
nanowire. It must be noticed that the FIB-sectioned hole 
appears elliptical because it was imaged at 58° from the 
horizon in the FIB/SEM. 

(0160 FIG. 41 and FIG. 42 show the SEM images of the 
nanoholes, e.g., 4110 from an edge of the 2D gradient pattern 
and silica nanoneedles 4210, respectively. The average diam 
eter of the nanoholes is 750 nm and the depth ~14 um. Flat 
silica coated cellulose acetate and silica nanoneedles can be 
used as cell culture substrates to cultivate NIH 3T3 fibro 
blasts. 

0161 The cellular response can be altered in the presence 
of silica nanoneedles as compared to flat silica Surfaces. It can 

Aug. 22, 2013 

be seen in FIG. 43 that the fibroblasts 4310 “ball up' or 
agglomerate on flat Surfaces (A), whereas they extend their 
foci to adhere to the nanoneedles (B), e.g., 4320. The figure 
shows how the morphology of NIH 3T3 fibroblasts is affected 
by the Surface topography of the Substrate. Cell agglomera 
tion on flat silica is an indication of poor adhesion, whereas 
cell spreading on silica nanoneedles is an indication of good 
adhesion. Silica coating cracks during cell fixation and can be 
seen in these SEM images. As shown, cell adhesion to Sur 
faces with silica nanoneedles can be an order of magnitude 
higher than that on to flat surfaces (p=0.005, FIG. 44, while 
viability can be maintained for cells adhered to either surface 
(FIG. 44(B)). Fibroblast spreading also can be influenced in 
the presence of silica nanoneedles. Fibroblasts can exhibit a 
larger area and perimeter on silica nanoneedles than those 
cultured on flat surfaces (p<0.005 and p=0.007, FIG. 44(C) 
and FIG. 44(D), respectively). 
0162 The presence and spacing of silica nanoneedles can 
influence competitive cell-cell versus cell-matrix interactions 
and can be seen in FIG. 45. Flat surfaces allow for the forma 
tion of large, unorganized cell aggregates and independent, 
single-cell growth (A-B). Cells interact directly with the 
needles and only small cell aggregates, if any, are able to form 
(C-D). Parallel rows of tightly spaced needles sequester cells 
between them (E). Few, if any, cells are able to attach in areas 
of densely packed needles, but attachment improves as spac 
ing becomes sparser (F). Cells either spread out individually 
or formed large, multicellular aggregates (A) on flat silica 
Substrates that do not display noticeable organization or regu 
larity (B). In comparison, the presence of silica nanoneedles 
can prevent cell aggregation, interrupt cell-cell contacts, and 
promote interactions with the matrix (C-F). 
0163 Note that the fibroblasts can preferentially align 
themselves along tightly spaced nanoneedles in gradient 
regions with sparse spacing in the orthogonal direction. In 
regions with sparse distributions in both directions, cells can 
interact both with adjacent needles as well as those located in 
the parallel rows (C-D). In general, parallel rows of silica 
nanoneedles with substantial spacing between them (i.e. >30 
um) can sequester cells and bias them towards cell-matrix 
interactions. This spacing also can control the size and geom 
etry of small cell clusters present (E). Threshold spacing 
between silica nanoneedles appears to exist that can regulate 
the ability of cells to adhere and spread in two dimensions (F). 
0164 Relative spacing ratios for local regions of needles 
can regulate cell spreading. Sparse spacing in two dimensions 
can allow single cells to spread in two dimensions, whereas 
tight spacing in one dimension but wide spacing in the 
orthogonal direction can influence cells to spread only in one 
direction (see insets in FIG. 4.4(e)C). Cells tend to spread in 
one dimension when the ratio between nanoneedles spacing 
in orthogonal directions is less than 0.5 (given that the nanon 
eedle spacing can allow for cells to attach between parallel 
rows). In contrast, the cells tend to spread in two dimensions 
when the nanoneedles spacing ratio is greater than 0.5. No 
significant difference in C.SMA expression between flat silica 
and silica nanoneedles substrates has been observed. Further 
more, C.SMA stress fibers are not observed on either sub 
Strate. 

0.165. In embodiments of the present technology, silica 
nanoneedles can act as a means to modulate cell-cell versus 
cell-matrix interactions. Competitive cell-cell and cell-ma 
trix interaction is a fundamental regulator of embryogenesis 
and has been manipulated for complex tissue engineering 
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strategies. Cells of different lineages exhibit biased interac 
tions depending upon their physiological location and func 
tion. For example, sheet-like epithelial and endothelial cells 
are dominated by cell-cell contacts through which various 
signals can be propagated; yet, cells of a mesenchymal lin 
eage are primarily cell-matrix interactive. Intricate lineage 
transition events, such as mesenchymal-to-epithelial transi 
tion (MET) and its reverse (EMT), can be influenced by 
shifting the balance between these competitive events. In 
certain cancers, malignant cells in a primary tumor can 
undergo Such a transition, allowing them to escape from their 
current location and metastasize. By probing and modulating 
cell adhesion events, fundamental processes involved in 
embryogenesis, tissue engineering, and cancerous transfor 
mation can be intimately studied, controlled, and exploited 
for therapeutic benefits. 
0166 In embodiments of the present technology, the pres 
ence of silica nanoneedles can improve cell adhesion to the 
Surface and stimulate cell spreading without Substantially 
affecting viability. Qualitative analysis comparing cellular 
response to flat silica and silica nanoneedles is shown in FIG. 
44. Silica nanoneedles were found to promote cell attachment 
and spreading. Significantly more cells attach to nanoneedle 
containing surfaces (A) while cell viability is unaffected (B). 
Cell spreading (area, perimeter) are increased on nanoneedle 
containing Surfaces (C and D). It can be seen that direct 
interactions between fibroblasts and the silica nanoneedles 
can interrupt the formation of large cell aggregates that can be 
seen on flat silica Surfaces. Parallel rows of nanoneedles 
effectively can constrain the cells and regulated the geometry 
of small aggregates that form (FIG. 45). Furthermore, the 
cellular response can be dependent upon nanoneedles spac 
ing. The ratio of nanoneedles spacing in orthogonal rows 
correlates with cell spreading in one versus two dimensions, 
Suggesting that the cells may actively sense the 3D microen 
Vironment and that nanoneedles spacing can be used as a 
parameter to regulate cell behavior. 
(0167 Referring to FIG. 59 through FIG. 62, methods of 
the present technology are illustrated. Referring to FIG. 59, a 
method 5900 for solution casting a nanostructure is illus 
trated. In such method, a template can be prepared by ablating 
nanoholes in a Substrate using single-femtosecond laser 
machining Block 5910. The nanoholes can be replicated by 
applying a solution of a polymer and a solvent into the tem 
plate Block 5930. After the solvent has substantially dissi 
pated (Block 5940), the replica can be removed from the 
substrate—Block 5950. In some embodiments, the polymer 
Solution comprises one of cellulose acetate in acetone, poly 
caprolactone (PCL) in chloroform, PCL-polyethylene glycol 
in chloroform, polydimethylsiloxane in heptane, polymeth 
ylmethacrylate in toluene, polyvinyl alcohol in de-ionized 
water, and collodion in amyl acetate. In some embodiments, 
the polymer is capable of forming a continuous film. In some 
Such continuous film embodiments, the polymer is capable of 
forming a continuous film through the application of external 
energy. In some embodiments, the polymer Solution com 
prises a two percent (2%) solution by weight of one of: 
cellulose acetate in acetone, polycaprolactone (PCL) in chlo 
roform, PCL-polyethylene glycol in chloroform, and collo 
dion in amyl acetate; while in other embodiments, the poly 
mer Solution comprises a solution between two percent (2%) 
and ten percent (10%) by weight of cellulose acetate in 
acetone. In yet further embodiments, the polymer Solution 
comprises a twenty five percent (25%) solution by weight of 
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polydimethylsiloxane in heptane; or a solution of between 
five percent (5%) and ten percent (10%) by weight of poly 
methylmethacrylate in toluene; or a five percent (5%) solu 
tion by weight of polyvinyl alcohol in de-ionized water. 
0168 Referring to FIG. 60, and continuing to refer to FIG. 
59 for context, further example methods 6000 for casting a 
nanostructure in accordance with embodiments of the present 
technology are illustrated in Some embodiments, prior to 
applying a solution of a polymer and a solvent into the tem 
plate (Block 5930), a fluorocarbon-based antistick coating 
can be applied to the template—Block 6020. In some such 
embodiments, the fluorocarbon-based antistick coating is 
prepared from perfluorodecyltrichlorosilane. 
(0169. Referring to FIG. 61, an example method 6100 for 
casting a nanostructure is shown. In Such methods, a template 
can be prepared by ablating nanoholes in a Substrate using 
single-femtosecond laser machining Block 6110. The 
nanoholes can be replicated by applying a polymer resin into 
the template—Block 6130. After allowing the resin to set 
(Block 6140), the replica can be removed from the sub 
Strate Block 6150. 
(0170 Referring to FIG. 62, an example method 6200, for 
casting a nanostructure is shown. In Such methods, a template 
can be prepared by ablating nanoholes in a Substrate using 
single-femtosecond laser machining Block 6210. The 
nanoholes can be replicated by casting a solution of a poly 
ethylene and a solvent into the template—Block 6230. After 
the solvent has been allowed to substantially dissipate (Block 
6240), the polyethylene as cast in the template can be melted 
through application of energy—Block 6250. After allowing 
the melted polyethylene to cool (Block 6260), the cooled 
polyethylene replica can be removed from the substrate. In 
Some such embodiments, the polymer Solution comprises ten 
percent (10%) solution by weight of polyethylene in toluene. 
In some Such embodiments, melting comprises heating to 
about one hundred fifty five (155) degrees Celsius for about 
two (2) minutes; and cooling comprises cooling at room 
temperature for at least about two (2) hours. 
0171 The nanostructures produced by the methods illus 
trated in FIG. 59 through FIG. 62 can find application in a 
wide variety of fields as disclosed herein throughout. 
0172 Consider two issues with regard to single pulse fem 
to second laser machining. First, the depth of the nanoholes 
produced can be greater than the depth of focus of the laser 
beam, i.e., the depth over which the beam remains tightly 
focused (measured as the depth over which the area of the 
beam increases by less than a factor of two). Second, the 
plasma formed due to optical breakdown and avalanche ion 
ization, under most conditions, can become over-dense, 
opaque, reflective, and self-limiting, resulting in the forma 
tion of a shallow crater. Thus, mechanisms are needed to 
explain the formation of high aspect ratio and deep nano 
holes. Three mechanisms have been proposed by different 
research groups: spherical aberration, self-focusing, and 
beam reshaping. These proposed mechanisms are not exclu 
sive and may all play a role to some degree in the formation of 
deep, high aspect ratio features. 
0173 Spherical aberration is an optical phenomenon in 
which light rays passing through a spherical lens focus at 
different locations along the optical axis to cause to a pro 
longed focal region. The effect of spherical aberration on the 
formation of high aspect ratio nanoholes can be reasonably 
investigated using an aspheric lens. An aspheric lens has a 
non-spherical Surface geometry designed to greatly reduce 
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spherical aberration in the focal region of a perfectly colli 
mated laser beam fully filling its entrance pupil. Thus, an 
aspheric lens (NA=0.68; Thorlabs, C330TME-B) was used 
for machining experiments and optical modeling. This par 
ticular aspheric lens was chosen because of its high numerical 
aperture and the availability of its detailed specifications and 
optical coefficients required for optical modeling. 
0.174 Aspheric lens machining of fused silica can be per 
formed with the machining platform presented earlier. The 
lenses of the beam expander, shown in FIG. 6, can be adjusted 
so that the laser beam fully fills the entrance pupil of the 
aspheric lens. The entrance pupil of the aspheric lens is 5 mm 
in diameter. The machining can be performed at different 
relative positions of the optical focus with respect to the 
substrate surface (Z) as explained elsewhere herein. The laser 
pulse energy can be kept constant at 5.2 LJ. SEM images of 
nanoholes made on a fused silica Substrate by aspheric lens 
machining and their corresponding cellulose acetate (CA) 
replicas are shown in FIG. 46 and FIG. 47, respectively. It can 
be seen from these replicas that the depth of nanoholes 
decreases when the laser beam fully fills the entrance pupil of 
the aspheric lens. The deepest nanoholes can be around 4 um 
for Z=+52 to Z=+60 from their CA replicas. The cellulose 
acetate replicas show that the aspheric lens machined nano 
holes are not as deep as those machined by the 60x and 160x 
microscope objectives. The aspheric lens can minimize the 
spherical aberration in the focal region of the laser beam even 
when its entrance pupil is fully filled. Thus, the formation of 
shallow nanoholes (maximum 4 um) by aspheric lens 
machining might be expected to be due to the reduced spheri 
cal aberration in the focal region of the laser pulse. However, 
it can be seen from the SEM images in FIG. 46 that the single 
amplified femtosecond laser pulse undergoes multiple frag 
mentations upon focusing through the aspheric lens to form 
several nanoholes arranged in a crescent shape that resembles 
the structure of a cat’s paw (from Z=+52 to Z=+60). The 
formation of crescent-shaped laser damaged regions may be 
because the aspheric lens has a high numerical aperture and 
hence is very sensitive to minor beam misalignments, which 
may result in optical aberrations in the focal region. In fact, it 
is known that misalignment of a high-NA lens results in 
comatic aberration or coma. 

0.175. Three configurations were modeled in an optical 
design software application (Zemax by Radiant Zemax, 
LLC) to demonstrate that the cause of the structures is mis 
alignment of the aspheric lens. These configurations are 
based on the propagation path of the laser beam (i.e., laser 
beam axis) with respect to the optical axis of the aspheric lens 
and are schematically shown in FIG. 48. The configurations 
modeled were: ideal condition (i.e., the laser beam axis coin 
cides with the optical axis), the laser beam decentered 0.5 mm 
in both X-axis and Y-axis, and the laser beam tilted at an angle 
of 0.5° to the optical axis. In the model A) ideal condition: the 
laser beam axis is parallel to the optical axis of the aspheric 
lens and travels through the center of its entrance pupil, B) the 
laser beam axis is decentered 0.5 mm each in X and Y direc 
tions, and C) the laser beam axis is tilted by 0.5° to the optical 
axis of the lens. Thered line shows the axis of the laser beam, 
where the actual laser pulse fully fills the entrance pupil of the 
aspheric lens. 
0176 The laser beam intensity profiles at and near the 
focal region for the aforementioned conditions were esti 
mated by Zemax modeling. Two assumptions were made: the 
spatial profile of the laser beam is perfectly Gaussian; and, the 
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entrance pupil of the aspheric lens is fully filled with the laser 
beam (i.e., the 1/e intensity radius of the Gaussian beam 
equals the 2.5 mm pupil radius of the lens). 
(0177 FIG. 49 and FIG. 50 show the focal spot diagrams 
and the corresponding Huygens point spread functions (PSF), 
respectively, for the three configurations modeled in Zemax. 
The PSF was obtained using a fast Fourier transform (FFT) 
function built-in in the Zemax. A represents the ideal condi 
tion; B represents a 0.5 mm decenter each in X-Y, and C 
represents 0.5 degree tilt with respect to the optical axis of the 
lens. The black circle represents the Airy Disk. The scale bar 
and RMS are in micrometers (um). The spot radius is within 
the diffraction limit in the ideal condition, as indicated by the 
rays falling within the Airy disk (black circle) in FIG. 49 (A), 
and its root mean square value (RMS) of -0.21 um being less 
than the radius of the Airy disk. Similarly, the spot radius in 
the second case (the laser beam is decentered 0.5 mm each in 
X and Y directions) also appears to be within the diffraction 
limit, but with a slight increase in its RMS value to -0.27 um. 
The shape of the spot, however, is no longer completely 
circular and shifts marginally in the XY directions; some rays 
form elliptical shapes but yet remain within the Airy Disk as 
seen in FIG. 49 (B). It indicates that decentering the laser 
beam up to 0.5 mm each in X and Y directions is still close to 
the ideal condition. FIG. 49 (C) shows the spot diagram when 
the laser beam arrives at an incidence angle of 0.5° with 
respect to the optical axis of the aspheric lens. It can be seen 
that this slight tilt can result in pronounced comatic aberration 
as the spot radius is larger than the diffraction limit, and the 
spot radius RMS value has increased to -6.5 um (nearly 30 
times larger than that in the ideal condition). This comatic 
aberration (or coma) due to tilting is most likely the cause for 
the laser damage region to acquire the crescent shape, see 
FIG. 46. 

0.178 FIG. 50 shows the surface contours of the Huygens 
point spread functions (PSF) for the three configurations. The 
scale bar is in micrometers (um). It estimates the intensity of 
the focused laser beam when diffraction is accounted for. As 
shown in FIG.50, the 0.5 mm decentered laser beam and the 
ideal condition are similar in terms of intensity distribution as 
the intensity of the focused beam predominantly lies in a tight 
spot in both the cases. However, in the case of the laser beam 
being tilted with respect to the optical axis of the lens, the 
Surface contour shows a distribution of intensity forming the 
shape of a tear drop, FIG.50 (C), which resembles the cats 
paw structure formed due to multiple fragmentations 
observed in nanoholes in FIG. 46. Based on these results, an 
angle as small as 0.5° between the incident laser beam axis 
and the optical axis of the aspheric lens can lead to comatic 
aberration in the focal region of the laser beam. Furthermore, 
the comatic aberration in the focal region of the laser beam 
can lead to multiple fragmentations of the intensity distribu 
tion resulting in the formation of cat’s paw structure. 
0179. Optical modeling shows that aspheric lens machin 
ing offused silica is influenced by tilt between the optical axis 
of the lens and the laser beam propagation axis. Thus, it is 
beneficial to remove angular deviation between the laser 
beam axis and the optical axis of the aspheric lens to conclu 
sively study the role of spherical aberration on nanohole 
formation. In order to obtain beam alignment to reduce 
comatic aberration, a platform that allows the manipulation of 
spherical aberration in the focal region of the laser beam is 
presented. A set of three lenses, two identical plano-concave 
(f=-100 mm) and one biconvex (f=100 mm), referred to as 



US 2013/0216779 A1 

Zoom lens from this point onwards, can be placed before the 
aspheric lens in the machining platform. The arrangement of 
the Zoom lens and the substrate stage is illustrates in FIG. 51. 
0180 Software can be used to model the Zoom lens to find 
different configurations, i.e., lens separations, for which 
spherical aberration can be either minimum or significant in 
the focal region of the laser beam. Conditions for both posi 
tive and negative longitudinal spherical aberration can be 
determined using the Software. Configurations obtained by 
modeling, i.e., with and without spherical aberration, can be 
Subsequently used for laser machining of fused silica Sub 
strates. Fused silica Substrates thus machined can be charac 
terized by SEM analysis of the laser damaged regions and the 
respective cellulose acetate replicas to determine the size of 
the nanoholes. Results obtained can be compared and ana 
lyzed to understand the role of spherical aberration on the 
formation of high aspect ratio deep nanoholes. 
0181. This system consists of a 527 nm Q-switched 
Nd:YLF pump laser (Evolution, Coherent, Inc.), a titanium 
Sapphire laser oscillator (Micra, Coherent, Inc.), and a tita 
nium-sapphire regenerative amplifier (Legend, Coherent, 
Inc.). The output from the amplifier is a train of up to 1 kHz 
laser pulses of wavelength 800 nm, but the laser is operated to 
give a single pulse on-demand. The pulse duration is 40 
femtoseconds with maximum energy per pulse of 1.6 m.J. The 
LabVIEWTM program also generates a trigger pulse (from a 
DAQ card) to command the laser to give a single pulse when 
needed. 

0182. In order to understand the role of spherical aberra 
tion on nanohole formation, it is informative to compare 
nanoholes made with a laser beam exhibiting no longitudinal 
spherical aberration (LSA) and one exhibiting significant 
LSA in its focal region, while at the same time taking care to 
maintain the same numerical aperture and to avoid overfilling 
of the focusing lens, which leads to energy deposited around 
the focal point due to diffraction. A Zoom lens consisting of 
three spherical lenses can be used to obtain minimum LSA 
and significant LSA in the focal region of the laser beam 
focused through an aspheric lens. There are two signs of LSA: 
negative LSA and positive LSA. Negative LSA (also called 
overcorrected spherical aberration) results when the marginal 
rays refract less than the paraxial rays, whereas positive LSA 
(undercorrected) results when the marginal rays refract more 
than the paraxial rays. Changing the degree of collimation of 
the beam that enters the aspheric focusing lens can introduce 
a significant amount of LSA in the focal region. A converging 
laser beam focused through the aspheric lens (but fully filling 
the entrance pupil) results in positive LSA, whereas a diverg 
ing laser beam results in negative LSA. Negative and positive 
LSAs can be introduced in the focal region of the laser beam 
by varying the amount of collimation. 
0183 The lens separations in the Zoom lens required to 
obtain these three conditions (positive LSA, minimum LSA, 
and negative LSA) can be found with the help of software 
modeling. In the model, the lens separations can be optimized 
so that the aspheric lens pupil is fully filled and so as to give 
the greatest divergence, maximum collimation, and greatest 
convergence of the beam entering the aspheric lens, which in 
turn results in most positive LSA, close to Zero LSA, and most 
negative LSA in the focal region. The diameter of the laser 
pulse (1/e value) and the beam divergence required for mod 
eling were measured to be 6.44 mm and -0.122 milliradians, 
respectively, by using a power ratio method. The Zoom lens 
can decrease the beam size to exactly fill the pupil of the 
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asphere, without overfilling it, and it also can adjust the col 
limation of the beam before the asphere and hence the longi 
tudinal spherical aberration in the focal region of the laser 
pulse. Since the Zoom lens can be mounted on a rail of fixed 
length, the maximum achievable positive and negative LSAS 
are limited. The three conditions found by modeling used for 
aspheric lens machining experiments are: negative LSA of 
-49 um, close to Zero LSA (termed best collimation) of +2 
um, and positive LSA of +27 um. FIG. 53 shows a ray tracing 
of these three conditions and the corresponding Huygens 
point spread function. It shows ray tracing of 800 nm wave 
length laser beam entering the aspheric lens after going 
through the Zoom lens (bottom). The Huygens PSF is plotted 
at the focal point from the front of the lens on the optical axis 
for the three machining conditions. The distance from the 
front of the lens to the focal position for each of these condi 
tions are: 1.9 mm for negative LSA, 1.76 mm for best colli 
mation, and 1.711 mm for positive LSA. 
0.184 The aspheric lens machining experiments under 
these three conditions (negative LSA, best collimation, and 
positive LSA) can be done at three different values of laser 
pulse energy (1.2 LJ, 3.5 L, and 38 LJ) after aligning the 
optical elements and the Substrate. In order to reduce comatic 
aberration arising due to angular deviation between the laser 
beam path and the aspheric lens optical axis, the three lenses 
of the Zoom lens and the aspheric lens can be aligned with the 
help of a green laser pointer (532 nm wavelength). The green 
laser is in the visible range and is reflected by the aspheric lens 
coated with an anti-reflective coating for the 600mm-1050 nm. 
wavelength range. Furthermore, the optical leveling of the 
fused silica substrate also can be performed with the green 
laser beam in lieu of the stylus, so that substantially identical 
holes are machined for analysis. Note that the calibration of 
the surface profile with the stylus prior to femtosecond 
machining provides the advantage that the focal position of 
the sample can be adjusted to compensate for Surface irregu 
larities in the substrate. SEM images of the cellulose acetate 
replicas of the aspheric lens machined nanoholes are shown in 
FIG.S.S. 

0185. SEM images of the CA replicas show that the 
aspheric lens machining offused silica with negative LSA did 
not usually produce deep nanoholes for the three pulse ener 
gies tested. However, some of the nanoholes made with 38 LJ 
appear to be ~8 um deep from their CA replicas. Note, with 
respect to the nanoholes made with negative LSA, the appear 
ance of concentric rings in the laser damaged region (or the 
laser footprint) as seen from their CA replicas. The concentric 
rings appear to be due to diffraction of the laser pulse and can 
be seen in the Huygens point spread function (PSF) in FIG.53 
for negative LSA. 
0186. It can be deduced from the SEM images, shown in 
FIG. 55, that the nanoholes produced in best collimation 
condition (+2 um LSA) are deeper than the expected depth of 
focus of the tightly focused laser beam and are also deeper 
than the shallow crater that is usually observed from a self 
limiting over-dense laser-induced plasma. The average length 
of the CA nanowires imprinted from these nanoholes is 10um 
for all the values of laser pulse energy, thus the nanoholes are 
at least up to 10 um in depth. 
0187. It can be seen from the SEM images that even deeper 
nanoholes are produced with positive LSA. For LSA of +27 
um and pulse energy of 3.5LA the length of the CA nanowires 
can be measured to be ~32 um, which indicates that the 
nanoholes can be at least as deep as 32 Lum. Furthermore, the 
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nanoholes made at 1.2 LJ pulse energy with the positive LSA 
of +27 um also appear to be around 30 um deep as indicated 
by their cellulose acetate replicas. However, the nanoholes 
made by 38 LJ pulse energy are only ~8 um in depth. The size 
of the laser footprint, as depicted by the CA replica, can 
increase with laser pulse energy irrespective of the sign and 
the magnitude of LSA. The depth of the nanohole, however, 
was not found to increase with the laser pulse energy. In fact, 
the deepest nanoholes were machined with 1.2 LLJ (30 um 
deep) and 3.5 LLJ (32 um deep) laser pulse energy values 
compared to 38 LLJ (8 um deep) in positive LSA conditions. 
0188 The formation of 10 um deep nanoholes in fused 
silica with reduced spherical aberration in the focal region 
(best collimation condition, LSA+2um) indicates that spheri 
cal aberration is not required to create holes deeper than the 
depth of focus of the beam. For a diffraction-limited focused 
Gaussian beam, in the paraxial approximation (NA-sin 0s,0 
(radians)), the depth of focus is two times the Rayleigh range, 
2Z=2/(natNA), where Z is the Rayleigh range, a 0.8 um 
is the laser wavelength, n=1.47 is the refractive index of fused 
silica, and NA is the numerical aperture of the focusing lens. 
For the aspheric lens with NA=0.68, this gives 2Z=0.75 um. 
However, the plasma may be created over a greater depth 
provided the laser irradiance is above the damage threshold, 
which is about 10' W/cm for fused silica. FIG.56 shows the 
irradiance of the femtosecond laser pulse as a function of 
axial position around the focal region for the best collimation 
condition (focus at 1.76 mm) in air computed using Software 
modeling for a pulse energy of 1.2 L.J. The depth of damage 
threshold (AZ) was found to be >19 um. The damage thresh 
old for fused silica is Ith=1013 W/cm2. It can be seen that the 
depth over which the irradiance is above the damage thresh 
old is more than 19 um. This depth of damage threshold (AZ) 
is adequate to account for the observed nanohole depths (10 
um) made by focusing laser pulses with essentially no spheri 
cal aberration if the laser pulse energy can propagate through 
the plasma. While only a shallow feature might be expected 
because laser-induced plasmas are reflective if overdense 
(when the electron density is high enough Such that the 
plasma frequency is above the optical frequency), in the case 
of breakdown induced by a femtosecond laser pulse, deeper 
features can be produced if a sufficient amount of the pulse 
energy propagates before the plasma is created. 
0189 When significant positive spherical aberration is 
introduced in the focal region of the laser pulse (LSA of +27 
um), the depth of the nanoholes can be up to 32 um, which is 
much deeper than those made with no or negative spherical 
aberration. The increase in the nanohole depth occurs even 
though the calculated depth of damage threshold is less than 
that for no spherical aberration. When greater negative 
spherical aberration is introduced (LSA of-49 um), the nano 
holes can be very shallow at pulse energies of 1.2 and 3.5 LJ 
and up to about 8 um for 38 LJ. As seen in FIG. 57 and FIG. 
58, the depth of damage threshold in air along the axis was 
calculated to be ~14 um for LSA of +27 um and ~15 um for 
LSA of -49 um. The depth of damage threshold (AZ) was 
found to be ~14 um. However, it should be noted that, refrac 
tion of the beam as it enters the surface induces spherical 
aberration near the focus that is not accounted for above. It is 
possible that this surface-induced aberration will further 
extend the depth of damage threshold along the axis to enable 
>30 um deep nanoholes to be created in fused silica for the 
case of initial positive spherical aberration. In addition, the 
above calculations do not account for non-linear effects. Such 
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as Kerr-induced self-focusing and/or possible beam front 
reshaping into a diffraction-free Bessel beam at the surface of 
fused silica. Such effects may contribute as mechanisms for 
deep-hole formation. In Summary, spherical aberration can 
alter the depths of the created holes, with positive LSA cre 
ating deeper holes than no or negative LSA. 
0190. Single-pulse amplified femtosecond laser machin 
ing has been developed into a new nanofabrication technol 
ogy for production oftemplates on transparent Substrates. It is 
essentially a direct-write nanolithography technique, which 
can pattern the Surface of wide band gap materials like fused 
silica with user-defined arrangements of nanoholes with 
aspect ratios>10:1 and depths 10um. The lateral and vertical 
dimensions of the nanoholes are shown to be controllable 
during laser machining by regulating processing conditions 
and by chemical etching post-machining. The process is 
shown to be simple, economical, and less time consuming 
than other processes, thus making it useful for large scale 
production of templates. 
0191 Nanoholes made by amplified femtosecond laser 
single pulses, e.g., of energy 5.2L.J. pulse duration 160 fem 
to second, and wavelength 780 nm focused through a micro 
scope objective lens of numerical aperture NA=1.25 in air, 
can be at least as deep as 14 Bum by cellulose acetate repli 
cation of the patterned fused silica Surface. 
0.192 The diameter and the depth of the nanoholes can be 
affected by the relative position of the optical focus with 
respect to the Substrate Surface during laser machining. The 
deepest nanoholes can form when the optical focus is within 
the bulk of the substrate at a certain location from the sub 
strate Surface. Furthermore, the size and the morphology of 
the nanoholes made onfused silica Substrates can be modified 
by a combination of sequential etching in hydrofluoric acid 
and potassium hydroxide. 
0193 The templates made by single-pulse amplified fem 
to second laser machining can be useful as molds for imprint 
ing high aspect ratio polymer structures by replication proce 
dures. Two replication methods for imprinting polymer 
structures are shown to be beneficial: film based replication 
and Solution casting. The film based replication procedure 
can use commercially available polymer films, whereas solu 
tion casting can be based on polymer Solutions made in com 
mon organic solvents. Solution casting presents several 
advantages over film-based replication. Solution casting 
offers a measure of control over the final chemistry of the 
imprinted polymer structures, and can allow imprinting of 
thermoset polymers, which are otherwise not possible with 
film-based replication. Nanocones and micropillars of poly 
caprolactone (PCL), PCL polyethylene glycol (PEG), cel 
lulose acetate (CA), polyethylene (PE), polyvinyl alcohol 
(PVA), polymethylmethacrylate (PMMA), Collodion, and 
polydimethylsiloxane (PDMS) can be imprinted from as 
machined and etched fused silica templates, respectively, by 
solution casting. PCL and PCL-PEG structures imprinted 
from as-machined templates can stretch during imprint lift 
off and take the form of nanocarpets or nanomats with very 
high Surface area and aspect ratios greater than 200:1. All the 
aforementioned polymers except PCL and PCL-PEG can 
adopt the shape and dimensions close to that of the nanoholes 
they are imprinted from, though some stretching of the nano 
cones is also observed. Furthermore, most of the PDMS nano 
cones can fall over, but without breaking or stretching, 
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because of the low Young's modulus of PDMS. None of the 
polymer micropillars have been found to stretch, break, or fall 
over due to stiffness. 
0194 Polymer structures imprinted from amplified fem 

to second laser machined fused silica Substrates can be func 
tionalized by coating with thin layers of gold, platinum, and 
palladium by sputter coating and silica by chemical vapor 
deposition. Sputter coating of noble metals can be performed 
at cryogenic temperatures to mitigate bending or collapsing 
of polymer nanowires by impact of fast moving ions. For this 
purpose, the Sputtering system can include a liquid nitrogen 
cold finger so that the polymer nanowires become stiff below 
their glass transition temperatures and withstand the impact 
of ions during coating deposition. A low-temperature chemi 
cal vapor deposition process can deposit silica on cellulose 
acetate nanowires to fabricate silica nanowires, based on the 
hydrolysis of silicon tetrachloride molecules adsorbed at the 
Surface of CA nanowires, which completes in two separate 
beakers and results in the formation of a thin layer of silica. 
The thickness of the silica coating can increase with the 
increase in the exposure time to silicon tetrachloride. 
0.195 Silica nanowires produced by this technique can be 
useful as synthetic cell culture substrates with tunable 3D 
microenvironment for cell behavioral studies. The cells can 
adhere and align along silica nanowires, thus making silica 
nanowires a useful material for tissue engineering. Further 
more, focused ion beam sectioning of a silica nanowire tip 
demonstrates the utility of fabricating open-tip silica nanon 
eedles that can find applications as cellular patch clamps for 
intravital imaging and electrophysiological studies. 
0196. The role of spherical aberration on the formation of 
high aspect ratio and deep nanoholes was investigated with 
the help of aspheric lens machining and optical modeling 
using Zemax software. An aspheric lens of NA=0.68 can be 
used to machine nanoholes at the Surface of fused silica by 
varying the amount of longitudinal spherical aberration 
(LSA) in the focal region of the laser pulse determined by 
optical modeling. Negative LSA, minimum possible LSA, 
and positive LSA can be introduced in the focal region of a 40 
femtosecond laser pulse of wavelength 800 nm by varying the 
collimation at the entrance pupil of the aspheric lens. The 
depths of the nanoholes thus produced can be determined by 
cellulose acetate replication, and it the deepest nanoholes can 
be made by positive LSA, the next deepest by minimum LSA 
and the shallowest by negative LSA. The nanoholes made by 
minimum LSA of +2 um can be 10 um deep for pulse energy 
in the range 1.2-38 LJ, which indicates that spherical aberra 
tion is not required to create holes deeper than the depth of 
focus of the beam. However, if sufficient pulse energy can 
pass through or around the plasma, the calculated depth of 
damage threshold along the axis is adequate to account for the 
observed hole depths. When positive longitudinal spherical 
aberration of 27 um is introduced in the focal region of the 
femtosecond laser pulse, the depth of the nanoholes can 
increase to 30-32 um for pulse energies of 1.2-3.5 LJ, even 
though the calculated depth of damage threshold decreases to 
14 um. 
0197) The formation of deep and high aspect ratio nano 
holes cannot be exclusively attributed to the presence of 
spherical aberration in the focal region of the laser pulse, 
though hole-depth can increase with the increase in positive 
longitudinal spherical aberration up to a certain pulse energy. 
Transmission of a significant part of the pulse energy through 
or around the first part of the laser-induced plasma as well as 
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self-focusing due to Kerr nonlinearity and/or nonlinear laser 
pulse reshaping into a non-diffractive Besselbeam could also 
be important in the formation of deep and high aspect ratio 
nanoholes at the Surface of fused silica by single-pulse fem 
to second laser ablation. 
0198 Although specific example embodiments of the 
present technology have been described above in detail, the 
description is for purposes of illustrating the range of embodi 
ments of the technology conceived by the inventors. Various 
modifications of, and equivalent elements corresponding to, 
the disclosed aspects of the technology, in addition to those 
described above, can be made by those having ordinary skill 
in the art without departing from the spirit and scope of the 
following claims, the scope of which is to be accorded an 
interpretation to encompass such modifications and equiva 
lent structures. 
We claim: 
1. A method for solution casting a nanostructure, the 

method comprising: 
preparing a template by ablating nanoholes in a Substrate 

using single-femtosecond laser machining; 
replicating the nanoholes by applying a solution of a poly 
mer and a solvent into the template; and 

after the solvent has substantially dissipated, removing the 
replica from the substrate. 

2. The method of claim 1 wherein the polymer solution 
comprises one of cellulose acetate in acetone, polycaprolac 
tone (PCL) in chloroform, PCL-polyethylene glycol in chlo 
roform, polydimethylsiloxane in heptane, polymethyl 
methacrylate in toluene, polyvinyl alcohol in de-ionized 
water, and collodion in amyl acetate. 

3. The method of claim 1 wherein the polymer is capable of 
forming a continuous film. 

4. The method of claim3 wherein the polymer is capable of 
forming a continuous film through the application of external 
energy. 

5. The method of claim 2 wherein the polymer solution 
comprises a two percent (2%) solution by weight of one of: 
cellulose acetate in acetone, polycaprolactone (PCL) in chlo 
roform, PCL-polyethylene glycol in chloroform, and collo 
dion in amyl acetate. 

6. The method of claim 2 wherein the polymer solution 
comprises a solution between two percent (2%) and ten per 
cent (10%) by weight of cellulose acetate in acetone. 

7. The method of claim 2 wherein the polymer solution 
comprises a twenty five percent (25%) solution by weight of 
polydimethylsiloxane in heptane. 

8. The method of claim 2 wherein the polymer solution 
comprises a solution between five percent (5%) and ten per 
cent (10%) by weight of polymethylmethacrylate in toluene. 

9. The method of claim 2 wherein the polymer solution 
comprises a five percent (5%) solution by weight of polyvinyl 
alcohol in de-ionized water. 

10. The method of claim 1 further comprising: 
prior to applying a solution of a polymer and a solvent into 

the template, applying a fluorocarbon-based antistick 
coating to the template. 

11. The method of claim 10 wherein: 
the fluorocarbon-based antistick coating is prepared from 

perfluorodecyltrichlorosilane. 
12. A method for casting a nanostructure, the method com 

prising: 
preparing a template by ablating nanoholes in a Substrate 

using single-femtosecond laser machining; 
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replicating the nanoholes by applying a polymer resin into 
the template; and 

after the resin has set, removing the replica from the Sub 
Strate 

13. A method for Solution casting a nanostructure, the 
method comprising: 

preparing a template by ablating nanoholes in a substrate 
using single-femtosecond laser machining; 

replicating the nanoholes by casting a solution of a poly 
ethylene and a solvent into the template: 

after the solvent has substantially dissipated, melting the 
polyethylene as cast in the template; 

cooling the melted polyethylene as cast in the template to 
room temperature; and 

removing the cooled polyethylene replica from the sub 
Strate. 

14. The method of claim 13 wherein the polymer solution 
comprises ten percent (10%) solution by weight of polyeth 
ylene in toluene. 

15. The method of claim 13 wherein 
melting comprises heating to about one hundred fifty five 

(155) degrees Celsius for about two (2) minutes; and 
cooling comprises cooling at room temperature for at least 

about two (2) hours. 
16. The nanostructure produced by the method of any one 

of claim 1, claim 12, and claim 13. 
k k k k k 


