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he fabrication of ordered nanostruc-

tures is an important capability re-

quired to sustain progress in many
areas of modern science and technology. It
is critical for technologies exploiting the
optical, photonic, and electronic properties
of materials. As a result, numerous patterning
methods have been actively investigated
to overcome the limitations associated
with conventional photolithographic tech-
nologies typically used to construct such
structures.''? Soft lithography, encompass-
ing many flexible methods, has become one
of the most robust and versatile nonphoto-
lithographic routes to nanofabrication.*®
Soft lithographies are physical means of
patterning that use a patterning tool—such
as a stamp, mold, or mask made of a flexible
elastomer that ensures both conformal con-
tact between surfaces of the patterning tool
and the substrates of interest as well as easy
release of the substrate without destruction
of the structures formed—to effect a de-
sired form of pattern transfer. By applying
different methods of soft lithography, nano-
structures with challenging feature sizes,
even those reaching molecular level dimen-
sions, have been transferred successfully to
a variety of materials.?’ % In the present
work, we explore the use of a specific form
of soft lithography, soft embossing, as a
means for fabricating with high precision
challenging nanostructures in hard materials,
and we provide specific demonstrations of
means for fabricating useful plasmonic op-
tics with enhanced responsiveness at visible
wavelengths.

Surface plasmon resonance (SPR) sensors
based on nanostructured metal films and
plasmonic crystals, the testbed for this work,
has attracted significant attention recently
thanks to their high sensitivity in local re-
fractive index sensing and the possibility
of their integration into low-cost, portable,
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ABSTRACT We describe here soft nanofabrication methods using spin-on glass (S0G) materials
for the fabrication of both bulk materials and replica masters. The precision of soft nanofabrication
using SOG is tested using features on size scales ranging from 0.6 nm to 1.0 «zm. The performance of
the embossed optics is tested quantitatively via replica patterning of new classes of plasmonic
crystals formed by soft nanoimprinting of SOG. These crystals are found to offer significant
improvements over previously reported plasmonic crystals fabricated using embossed polymeric
substrate materials in several ways. The SOG structures are shown to be particularly robust, being
stable in organic solvent environments and at high temperatures (~450 °C), thus extending the
capacities and scope of plasmonic crystal applications to sensing in these environments. They also
provide a stable, and particularly high-performance, platform for surface-enhanced Raman
scattering. We further illustrate that SOG embossed nanostructures can serve as regenerable
masters for the fabrication of plasmonic crystals. Perhaps most significantly, we show how the
design rules of plasmonic crystals replicated from a single master can be tuned during the embossing
steps of the fabrication process to provide useful modifications of their optical responses. We
illustrate how the strongest feature in the transmission spectrum of a plasmonic crystal formed
using a single SOG master can be shifted precisely in a SOG replica between 700 and 900 nm for an
exemplary design of a full 3D plasmonic crystal by careful manipulation of the process parameters
used to fabricate the optical device.

KEYWORDS: surface plasmon resonance - surface-enhanced Raman scattering -
soft lithography - organic sensing - nanostructure - finite-difference time-domain -
plasmonic crystal

imaging-based devices."?®*2° Such sensors
provide a high-performance platform for
label-free forms of analytical detection and
field-enhanced applications including sur-
face-enhanced Raman scattering (SERS)30 34
and surface-enhanced fluorescence 338
Nanostructured SPR devices have more re-
cently found roles in renewable energy
where they can be used to enhance
light trapping in photovoltaic devices.3~*?
The practical fabrication of nanostructured
plasmonic sensors with reproducible per-
formance requires techniques that can
be used to generate ordered nanostruc-
tures over large substrate areas with
high fidelity and control at low cost. The
design rules for these optical systems are
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Figure 1. Schematic illustration of the fabrication of SOG-based plasmonic crystals (left) and the NOA-based plasmonic
crystals using a SOG-embossed nanostructure as the master (right).

quite demanding and challenging to realize in
practice. Most current fabrication methods are com-
monly based on conventional photolithography
technologies,*®* *® and other complementary meth-
ods such as nanosphere lithography,'"'? soft interfer-
ence lithography,'®'#=>1 and soft nanoimprint
lithography.?'*?

We have developed classes of plasmonic crystal
systems based on periodic arrays of cylindrical nano-
holes embossed in polymer films using soft nanoim-
print lithography.?’2°°%%3  These nanostructured
plasmonic crystals provide high sensitivity in both
quantitative multispectral sensing modes and SPR
imaging at near-infrared and visible wavelengths.'?”?
The sensitivity enhancement seen at visible wave-
lengths with specific plasmonic crystal design rules is
subject to useful forms of tuning via modifications
made to the distribution and thickness of metal films
deposited on the embossed plasmonic crystal sub-
strate, all while keeping the underlying design attri-
butes of the substrate nanostructures constant.?®

The polymer based plasmonic crystals we previously
developed are exceptionally high performance sen-
sing devices?”?%3%2273* byt are restricted in important
ways by their limited stability in many organic solvents
or at temperatures higher than the glass transition
temperature of the polymers themselves, imposing
limits on the scope of any potential sensing applica-
tions. Additionally, the polymer and photoresist based
systems we have previously used in the fabrication of
the plasmonic crystals have a limited refractive index
range (n = 1.56 — 1.60).2?%3° Just as changes in the
refractive index of the local environment generate
changes in the optical properties of the plasmonic
sensor, it should be expected that the refractive index
of the embossing medium also exerts similar control
over the optical properties and the plasmonic modes
supported by the sensor.
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We also have found that the elastomer stamps used
in soft nanoimprinting degrade over time due to the
absorption of nonpolar monomers within the elasto-
mer, leading to a gradual drift in feature sizes upon
reuse and a lifetime for replication limited to ~10
generations. This places a large demand on the original
lithographic masters which themselves, for the feature
sizes associated with optics useful for imaging based
sensing at visible wavelengths, cannot be reused more
than ca. 5—6 times without significant degradation.
This is a considerable disadvantage because the fabri-
cation of the original lithographic masters with their
precise nanometer feature sizes requires advanced
photolithography techniques. For these reasons, there
exists an important need to develop more robust
materials that provide comparable facilities for high
resolution, low defect patterning by soft embossing.
This paper describes a comprehensive study made to
this end.

We introduce here the application of inorganic spin-
on glass (SOG) materials for use as a high resolution
thermoset embossing medium, a materials choice that
greatly enhances both the durability and stability of
embossed nanoscale structures while simultaneously
facilitating their ease of manufacture. Experimental
findings obtained using these new plasmonic sensors
reveal that the inorganic material is stable even when
exposed to organic solvents and high temperatures.
We also demonstrate that embossed SOG materials
can serve as durable and regenerable masters for the
fabrication of new plasmonic nanostructures, reducing
the demand for expensive photolithographic masters
and potentially decreasing the cost of plasmonic crys-
tal fabrication. We further demonstrate that these
inorganic molded plasmonic nanostructures provide
significant improvements over plasmonic crystals fab-
ricated using embossed organic polymers for SERS
measurements.>>>>~% |n this paper, the replication
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Figure 2. Top view scanning electron microscopy (SEM)
images of the plasmonic crystal nanostructure with periodi-
city of ~580 nm and hole diameter of ~300 nm embossed in
(a) NOA film and (b) SOG film.

precision of SOG materials is examined from the micro-
meter to the near-molecular level. The usage of SOG
materials improves the fabrication process of plasmonic
crystals and provides a low-cost, simple route to opti-
mize the device form factors with the assistance of
finite-difference time-domain (FDTD) calculations.

RESULTS AND DISCUSSION

Nanofabrication Using SOG as a Molding Material. The left
side of Figure 1 schematically illustrates the procedures
for fabricating plasmonic crystals from SOG masters. A
h-PDMS/s-PDMS composite stamp with surface relief
structure replicated from a photolithographic master
was used to emboss the SOG sol. The stamp is driven
into the soft sol by gravity under a modest load to
achieve conformal contact, soft baked at 110 °C for
3 min, and then carefully removed. The embossed SOG
was then fully cured by a series of higher temperature
bakes. A SOG plasmonic crystal can be generated by
depositing a 5 nm SnO, adhesion layer followed by a
35 nm Au film on top of the embossed nanostructures
via sequential sputter depositions carried out in
5 mTorr argon environments.

Substituting a high optical quality spin-on-glass
resin for the photocurable polymer improves the
replication quality of the fabrication protocol. The sub-
sequent separation of the PDMS stamp from the SOG
sol is surprisingly easy, sufficiently so as to enable the
fabrication of small features with high precision and
quality. For example, the smallest nanohole arrays with
hole diameters of 240 nm in our design rule are difficult
to replicate using polymeric photocurable materials
(Figure 2a), but these small features are easily repli-
cated in SOG (Figure 2b).

The materials chemistry of SOG itself is the most
challenging aspect of using it as an embossing material
and care must be taken to avoid chemical degradation
which leads to the formation of gross structural de-
fects. Specifically, the SOG precursor materials are
sensitive to moisture and subject to as yet poorly
predictable forms of degradation that destroy their
capacity to effect precise replication with nanometer
design tolerance. We noticed in our experiments, for
example, that nanoparticles with sizes around 50 nm
frequently appeared on the surface of the embossed
SOG nanostructure, decreasing the quality of the
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plasmonic nanostructure replication (Supporting Informa-
tion, Figure SI 1a,c). Filtering the SOG sol using 0.22 and
0.02 um syringe filters before spin-casting removes these
nanoparticles very effectively and produces embossed
SOG nanostructures with smooth surfaces (Supporting
Information, Figure SI 1b,d). It is clear that there are no
particles on the surface of filtered SOG films while
numerous particles occupy the surface of the unfiltered
SOG films. The particle-free regions of the surface coming
from unfiltered SOG are as smooth as those of the filtered
SOG film, suggesting the nanoparticles are formed and
suspended via adventitious hydrolysis.

SOG embossed nanostructures can serve as durable
masters for the replication of plasmonic crystals follow-
ing the procedure depicted on the right side of Figure 1.
Generally, a monolayer of a fluorinated silane release
agent is formed on the embossed SOG surface to
promote the separation between the SOG and the cast
PDMS. After forming this self-assembled monolayer, a
composite h-PDMS/s-PDMS stamp is cast and cured to
replicate the SOG embossed structure. The resultant
PDMS stamp can be used to emboss photocurable
materials to generate plasmonic nanostructures. For
example, photocurable NOA was molded using a PDMS
stamp with a relief structure replicated from a SOG
master. The data in Figure 3 show that these replicated
stamps maintain fidelity with the original lithographic
master, yielding large area NOA supported nanohole
arrays with high replication precision.

Fabrication and Spectral Tuning of Plasmonic Crystals Molded
in S0G. The SOG master can also provide an easy way
to tune the design rule of the plasmonic crystals
(Supporting Information, Figure Sl 2). Shrinkage of SOG
upon curing during the SOG embossing process results
in nanohole arrays embossed on the SOG surface with
enlarged nanohole diameters and reduced relief
depths compared to the original photolithographic
master. We found somewhat surprisingly that the relief
depth can be tuned by controlling the solvent evapora-
tion conditions during the embossing of the SOG sol.
For example, the embossed SOG nanostructure will
have a shallower relief depth when the solvent is
evaporated from the spin-coated SOG sol before
embossing compared with that of the embossed
SOG nanostructure imprinted by PDMS immediately
after the SOG sol is cast on the glass slide.

As an illustration of this latter design-centric cap-
ability, we first fabricated an NOA-based 3D plasmonic
crystal®® with strong transmission mode optical fea-
tures located at ~700 nm using a SOG master with a
relief depth of ~200 nm. The topography of this
plasmonic crystal design was measured using atomic
force microscopy (AFM), and an inverted 3D represen-
tation of the surface confirming the ~200 nm relief
depth is presented in Figure 3a. Normal-incidence
transmission spectra for this NOA-based plasmonic
crystal nanostructure obtained both experimentally
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Figure 3. (a) Inverted 3D atomic force microscopy (AFM) image of the NOA-based plasmonic crystal nanostructures fabri-
cated using the SOG master (~328 nm hole diameter, ~200 nm hole depth, ~560 nm hole spacing). (b) Experimental trans-
mission spectrum (black) for full 3D NOA-based plasmonic crystal depicted in panel a and FDTD calculated transmission
spectrum (red). (c) FDTD calculated electric field plots corresponding to optical features marked B (633 nm) and C (689 nm) in
panel b. (d) Normal-incidence transmission spectra of NOA plasmonic crystals fabricated using SOG masters with different
relief depths while maintaining other design parameters (hole diameter, periodicity, and gold thicknesses) constant.

and computationally through FDTD modeling are
shown in Figure 3b. As in earlier work, the optical
features of this system can be assigned to localized
surface plasmon resonances (LSPRs), Bloch wave surface
plasmon polaritions (BW-SPPs), and Wood's anomalies
(WAs) or a combination of these features, as well as the
background gold absorption around 500 nm.?® The
electric fields supported at wavelengths of 633 nm (B)
and 689 nm (C) were calculated using the FDTD
method and are presented in Figure 3c; the corre-
sponding wavelengths are also indicated on the trans-
mission spectra in Figure 3b. These plots reveal a high
localization of the electric field around the rim of the
nanohole at these wavelengths.

Additional SOG masters were fabricated with relief
depths of 50 and 350 nm while keeping the other
design parameters (e.g, nanohole diameter and
periodicity) constant by controlling the spin coating
time as the initial SOG film was applied to the glass
slide (Supporting Information, Figure SI2 presents AFM
characterizations of these different relief depths). It is
important to emphasize that these variable-depth
SOG-based plasmonic crystals were all produced using
a single elastomeric stamp; the relief depth of the
original stamp was ~400 nm. NOA-based plasmonic
crystals were replicated from these different SOG
masters with relief depths of 50, 200, and 350 nm,
and their transmission spectra compared (Figure 3d).
These spectra clearly show shifts in the transmission
that broadly span visible wavelengths as the nanohole
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depths increase, demonstrating an ability to tune the
optical response of the plasmonic crystal during the
SOG embossing that otherwise would have required
the fabrication of separate photolithographic masters.
This in turn should provide a means to reduce both the
cost and time required for nanofabricating precision
subwavelength optics.

The broader capacities that exist to tailor the optical
properties of nanoimprinted plasmonic crystals between
visible and near-infrared wavelengths is illustrated by
the data presented in Supporting Information, Figure
SlI3a. The strongest transmission peak in the spectrum of
a quasi 3D?”°? plasmonic crystal system occurs at
~1200 nm; in the quasi-3D design, gold deposition via
electron-beam evaporation coats the top surface of the
device as well as the bottom of the nanoholes with little
or no coverage on the nanohole sidewalls. This response
shifts to ~900 nm in a full 3D*° plasmonic crystal system,
where gold deposition via sputtering results in the metal
film coating the top surface and nanohole bottoms as
well as on the nanohole sidewalls. Most strikingly,
though, is the fact that the wavelength of the strongest
peak can be further shifted (to ~700 nm) in the new
design by simply optimizing the nanostructure relief
depth using the control capabilities that accompany
the use of embossed SOG nanostructures as replication
masters.

More precise tuning of the optical response can be
achieved using a combination of these techniques, and
FDTD-based electrodynamics calculations can be
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Figure 4. SEM images of nanostructures fabricated in PMMA layers via E-beam lithography with different shapes and sizes. (a)
Large area top view and (b) high magnification view. (c) AFM image of the nanostructures embossed in SOG films using
E-beam lithographic nanostructures as the replication master. (d) Structural profile following the red line in panel c across the

nanostructures.

employed as a powerful tool for rationally tailoring
in silico the plasmonic crystal dimensions for a specific
application. For example, the results of a set of FDTD
calculations are presented in Supporting Information,
Figure SI3b, where the relief depth of the plasmonic
nanohole array was varied between 50 and 600 nm.
The red curve shows that the peak transmission wave-
length of the plasmonic crystal can be tuned between
640 and 760 nm by adjusting the relief depth alone,
with additional changes expected if the gold layer
thicknesses or deposition characteristics are also changed.
The calculated absolute transmittance at the peak
transmission wavelength is plotted in black, and these
two curves taken together show that although the
peak transmission wavelength does not change mono-
tonically in the relief depth range considered, different
absolute transmittances can be realized at a single
peak wavelength by targeting different relief depths.
Theoretical computations can thus provide guidance
in choosing the appropriate plasmonic crystal para-
meters for a particular application, and molding the
device in spin-on-glass provides fabrication flexibility
that previously has been unavailable.

Molecular-Scale Nanoimprinting Resolution Using S0G. As a
demonstration of the replication resolution capable
using SOG as an embossing medium, nanostructures
with feature sizes between 5 and 200 nm were patterned
by electron beam (E-beam) lithography (Figure 4a,b) and
replicated in SOG. The E-beam lithography nanostruc-
tures were replicated as a composite h-PDMS/s-PDMS
stamp, which was used in turn to transfer the E-beam
patterns to an SOG film. The AFM data shown in
Figure 4c displays a typical realized replication of a
variety of E-beam lithographic structures in SOG, ones
with different sizes and shapes. The relief depths of the

YAO ET AL.

replicated E-beam lithography structures vary from ~1
to ~50 nm as shown in the AFM line cut in Figure 4d;
variations in the nanostructure heights follow those of
the original E-beam lithographic masters.

Molecular scale molding experiments were per-
formed using masters made of single-walled carbon
nanotubes (SWNTs) grown on SiO,/Si substrates. The
h-PDMS/s-PDMS stamps were generated by casting
and curing the elastomer against these SWNT masters
and were subsequently used to emboss the SOG sol.
The SWNT structures can be replicated on SOG films
and are clearly distinguished from the unpatterned
areas (Supporting Information, Figure Sl4). The relief
depth of the replicated SWNT structures could not be
determined precisely, however, as the roughness of
the SOG film at these dimensions is similar to the
feature sizes of the master.

Chemical Stability of S0G-Based Plasmonic Nanostructures.
The fully cured embossed SOG substrate is a glass-like
inorganic film and is stable in common organic sol-
vents. Piranha solution (highly oxidizing mixtures of
concentrated sulfuric acid and hydrogen peroxide) and
gold etchant are compatible with the SOG-embossed
nanostructures, and these solutions have been used to
aggressively clean the SOG plasmonic crystals by re-
moving polymeric debris and stripping the metal layer.
SEM images in Supporting Information, Figure SlI5a
compare the surface structures of one typical em-
bossed SOG nanostructure before and after soaking
in piranha solution over 24 h, and no changes were
observed in the surface of the SOG nanostructures
after cleaning. AFM measurements of the plasmonic
crystal before and after piranha cleaning under the
same conditions are presented in Supporting Informa-
tion, Figure SI5b and show that the vertical profiles of
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Figure 5. Multispectral analysis of organic solvent refractive index sensing using full 3D SOG plasmonic crystals with 35 nm
thick gold films. (a) Color contour plot of the changes in transmission (T) with respect to the initial T at time t = 0 as a function of
wavelength and time as solutions of increasing refractive index (n) are injected into the flow cell (the injection sequence is
methanol (n = 1.326), 1-propanol (n = 1.384), chloroform (n = 1.445), and toluene (n = 1.496), and methanol). (b) Change in T at
selected wavelengths as a function of time during the injection sequence. (c) Integrated multispectral plasmonic response as
a function of time corresponding to the injection sequence described in panel a. (d) Integrated responses of the plasmonic
crystal as a function of the refractive index of the organic solvent with a regression line corresponding to a cubic polynomial fit
of the data included as a guide to the eye. Error bars representing the standard deviation of the measurement are included in
the figure but are of the order of the size of the data symbols.

the relief structures also remain unaffected. These re-
sults clearly demonstrate that the SOG nanostructure is
robust enough in piranha solution to withstand the
regeneration treatment. Supporting Information, Figure
SI5c displays the normal-incidence transmission spectra
of NOA plasmonic crystals fabricated using a SOG
master before and after piranha cleaning. The spectra
are taken from arrays with periodicities of ~580 nm and
~740 nm. The transmission spectra of NOA plasmonic
crystals replicated after the piranha cleaning are con-
sistent with those collected from NOA crystals replicated
from the SOG master before the piranha cleaning. The
durability of the SOG nanostructures themselves and
the consistency in the optical responses of the repli-
cated NOA plasmonic crystals are convincing arguments
for the application of these SOG-based nanostructures
as masters for the replication of plasmonic nanostruc-
tures with high precision.

Refractive Index Sensing in Organic Solvent Environments.
Substituting a SOG material for photocurable polymers
can markedly extend the scope of applications for
plasmonic crystal-based sensing. For example, the in-
organic nature of the SOG materials extends the
capacities of plasmonic platforms for organic sensing
applications, which is otherwise impossible using polymer-
supported plasmonic crystals due to the instability of
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these substrate materials in organic solvents. As a
demonstration, refractive index sensitivity measure-
ments were made by flowing different organic solvents
(methanol, 1-propanol, chloroform, and toluene) over
the plasmonic crystal surface; the results are presented
in Figure 5. The difference spectra over a wavelength
range of 355—700 nm analyzed using a multispectral
sensitivity method we described in earlier work?”° are
given in Figure 5a. This wavelength range was chosen
to avoid the absorption of near-infrared light by the
organic solvents themselves. Spectral changes at spe-
cific wavelengths are provided in Figure 5b, further
demonstrating the wavelength-specific transmission
behaviors of plasmonic crystal-based SPR sensors.?”*
The integrated responses of the plasmonic crystal to
changes in the organic solvent environment were
calculated using a previously described multispectral
analysis method that weights integrated absolute in-
tensity changes.?*?”° The results of this analysis are
presented in Figure 5c, where one notes clear and
progressively varying step responses upon introduc-
tion of the different solvents. The integrated response
change as a function of the refractive index of the
organic solvent is shown in Figure 5d; the change
noted in the integrated response of a SOG plasmonic
crystal is approximately linear over a broad range of
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and ~50 nm thick porous TiO, layer formed on top of gold film using glancing angle E-beam deposition. (a) Color contour plot
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the integrated response as a function of ethanol partial pressures between 0—44 mmHg.

refractive indices. In control experiments, these same
solvents destroyed plasmonic crystals embossed in
polyurethane (NOA). The improved chemical stability
of the embossed SOG plasmonic crystals thus supports
prospects for their use in more aggressive chemical or
nonaqueous environments for refractive index based
sensing and imaging.

Refractive Index Sensing of Organic Vapors. The high ana-
lytical sensitivity of embossed SOG plasmonic crystals
was demonstrated through an organic vapor sensing
experiment using mixtures of argon and ethanol vapor.
A gas mixing device was designed to obtain dry mixtures
of different gases with proportions set by partial pres-
sure measurements. The SOG plasmonic crystal was
exposed to different ethanol vapor concentrations in a
Teflon flow cell, and the normal incidence transmission
spectra collected as a function of time. To take advan-
tage of the effective sensing volume of the plasmonic
crystal, a porous TiO, film was deposited on it using
glancing-angle E-beam deposition®"%? to increase the
surface area and sorptive affinity of the plasmonic crystal
for the organic vapor. The multispectral analysis pre-
sented in Figure 6a shows that the refractive index
change associated with changes in ethanol vapor con-
centration are readily detected by this modified SOG
plasmonic crystal. (A graphical representation of the
ethanol vapor concentrations used during the experi-
ment is presented in Supporting Information, Figure
Sl6a.) This multispectral analysis coupled with the single
wavelength plots in Figure SI6b show that the transmis-
sion difference measured at specific single wavelengths
is a direct function of the ethanol partial pressure and
returns to the initial value when the gas mixture returns
to the initial ethanol concentration (the minor deviations
of the transmission from the initial value are likely the
result of imprecise partial pressure control using this
home-built setup). The integrated response of this SOG
plasmonic crystal to changes in ethanol partial pressure
is approximately linear at partial pressures ranging from
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0 to 44 mmHg, a representative calibration curve for
which is presented in Figure 6b. On the basis of this
calibration curve, a conservative estimate of the limit of
detection for the sensor with the current acquisition
parameters is an ethanol partial pressure in argon of
~24 mmHg. This is not a hard limit as signal averaging
and modification of other instrumental (i.e., nonplasmonic
crystal) components would naturally extend this limit.
These experiments support the capacity of SOG plas-
monic crystals for organic sensing involving small re-
fractive index variations and suggest the possibility of
their use as gas/vapor sensors.

Surface-Enhanced Raman Spectroscopy Using SOG Plasmonic
Crystals. SOG plasmonic crystals formed by soft nano-
imprint lithography also provide a low-cost and well-
controlled substrate for surface-enhanced Raman
spectroscopy (SERS).3° The inorganic nature of the
SOG embossed structure is more stable at high tem-
peratures compared to photocurable organic materials.
For instance, the fabrication of SOG plasmonic crystals
involves thermally annealing the structures at 450 °C.
The thermal durability of the embossed surface fea-
tures of the SOG plasmonic crystal at this temperature
suggests they may outperform conventional organic-
based plasmonic crystals under the high power lasers
used in Raman microscopy. We find, for example, that
plasmonic crystals fabricated using NOA and SU8
photoresist are grossly distorted by local heating when
irradiated with a laser at 785 nm with a reasonably high
power of ~50 mW (Supporting Information, Figure
SI7a—d). The corresponding plasmonic nanostructures
embossed in SOG (Figure Sl7e/f) are not impacted by
exposure to the laser in this way (although some
annealing of the Au film due to the local heating at
this limiting power is noted).

As a comparison, quasi-3D plasmonic crystals (an
effective SERS design)®® were molded using SOG, NOA,
and SU8 and a benzenethiol self-assembled mono-
layer formed subsequently on each under identical
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Figure 7. (a) SERS spectra of benzenethiol adsorbed onto three different embossed SERS substrates (molded in SOG, NOA,
and SU8) measured with laser power of ~0.5 mW. (b) SEM image of the SOG molded plasmonic crystal after exposure to a laser
power of ~0.5 mW, which shows that the SOG structure is not damaged by the laser exposure. (c) Simulated transmission

spectra for NOA, SU-8, and SOG molded plasmonic crystals with dimensions similar to the nanostructures used to collect the
Raman spectra in (a): 440 nm hole diameters, 740 nm periodicities, 48 nm Au film on the top surface, and 40 nm Au discs in the
bottom of the nanoholes. (d) Magnified view of the spectra shown in panel c with a green dotted line at 821 nm.

experimental conditions. Figure 7a displays the surface-
enhanced Raman spectrum of benzenethiol collected
from the SOG, NOA, and SU8-based plasmonic crystals
and clearly demonstrates a larger Raman signal—
approximately 10-fold enhancement—from the SOG-
based nanostructures. An SEM image of the exposed
SOG molded plasmonic crystal area after the SERS
measurement is shown in Figure 7b. No visible damage
or distortion of the nanostructures or the gold film is
noted for the power used in this measurement.
Previous work has shown a correlation between the
SERS enhancement of a plasmonic substrate and its
optical transmission (and thus the underlying plasmonic
properties) at a wavelength halfway between the laser
excitation wavelength and the Raman scattered wave-
length, with larger Raman enhancements observed for
systems displaying greater transmission at this halfway
point wavelength.3>8 In this study, this corresponds to
a halfway point of 821 nm for a laser excitation of
785 nm and a Raman scattered wavelength of 857 nm
(which corresponds to the Raman peak at ~1060 cm ™).
FDTD simulated transmission spectra of NOA, SU-8,
and SOG plasmonic crystals with feature dimensions
corresponding to the samples used experimentally are
presented in Figure 7c. Figure 7d shows a magnified
view of the spectra in Figure 7c with a green dotted line
indicating a wavelength of 821 nm. The percent trans-
mission value of the NOA and SU-8 based plasmonic
crystals at this wavelength are very similar while the
transmission of the SOG plasmonic crystal is markedly
higher; these results qualitatively mirror the relative
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Raman enhancements measured for benzenethiol on
these systems and are in agreement with the findings
reported in previously published work.

We should note that the higher thermal stability of
the SOG substrate is expected to delay the onset of
thermal deformation of the nanostructures, allowing as
a result longer effective SERS signal collection times.
While SERS signals were collected using the same
power and duration for all three substrates, it is possi-
ble that thermal damage in the organic substrates
might adversely impact the Raman enhancements in
ways that complicate precise quantitative comparisons.
Thus, the larger Raman enhancements observed for
the SOG-based plasmonic crystals likely result from a
convolution of factors: differences in the optical and
plasmonic properties of the substrates themselves
(as seen in the transmission spectra) coupled with
increased thermal stability. However this might be,
the end result is that the inorganic plasmonic crystal
system outperforms its organic counterparts by nearly
an order of magnitude.

We carried out FDTD calculations to develop a
better understanding of a specific feature (the “half-
wavelength” of merit) that serves to distinguish SERS
optics fabricated using a polymer such as NOA from
ones with an equivalent design rule but supported on
an embossed SOG substrate. These calculated trans-
mission spectra presented in Figure 7c reveal the
importance of the refractive index of the embossing
material itself on the optical transmission properties
that result at the previously discussed half-wavelength
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of merit (and thus the supported plasmon modes) that
result. These calculations show that the observed
resonances in the SOG-based plasmonic crystal are
shifted to shorter wavelengths as compared to the
organic systems examined, with intensity differences
at the half-wavelength of 821 nm of sufficient mag-
nitude to impact the SERS enhancements. These
effects are shown by these calculations to be due to
refractive index differences in the substrate itself. The
use of spin-on-glass with its marked refractive index
contrast (n &~ 1.38) compared to the polymer systems
(n &~ 1.5—1.6) previously explored provides another
lever by which the properties of these plasmonic
crystals or other plasmonic substrates can be tuned
to specific wavelength regions that otherwise may be
inaccessible using existing design rules and molding
materials.

CONCLUSIONS

We have described the adaptation of an inorganic
spin-on glass (SOG) material capable of embossing
at molecular scale resolutions for the fabrication of
plasmonic crystal nanostructures. These SOG nano-

MATERIALS AND METHODS

Materials. All reagents were used as received without further
purification. Spin on glass (SOG) (product number 314) was
purchased from Honeywell. Polydimethylsiloxane (soft PDMS
(s-PDMS), Dow Corning, Sylgard 184) was obtained from
Ellsworth Adhesives and prepared according to the manufacturer's
directions. Components for hard PDMS (h-PDMS): poly(25—30%
methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), (1,3,5,7-
tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (SIT-7900), poly-
(7—8% vinylmethylsiloxane)-(dimethylsiloxane) (VDT-731), and
platinum-divinyltetramethyldisiloxane (SIP-6831.1) were pur-
chased from Gelest. Fluorinated silane (tridecafluoro-1,1,2,
2-tetrahydrooctyl)trichlorosilane (TDFOCS) was purchased from
Gelest. Photocurable polyurethane (PU, NOA73) was purchased
from Norland Products. Negative photoresist SU-8 was purchased
from MicroChem. Benzenethiol (BT) (99.99%) was purchased from
Aldrich. Gold etchant TFA was purchased from Transene Com-
pany, Inc. Deionized (DI) water (18 MQ) was generated using a
Millipore Milli-Q Academic A-10 system. Polymethyl methacrylate
(PMMA A2) used for E-beam lithography was purchased from
MicroChem Corporation. Piranha solution, a 7:3 mixture of H,SO,/
H,0,, was used to remove organic contamination from the SOG
molds. Caution: The use of piranha solution is highly dangerous
and should be handled using appropriate personal protective
equipment and proper safety procedures.

Fabrication of S0G Plasmonic Crystals. SOG material, designed as
an interlevel dielectric material in the semiconductor industry,
is used here to produce stable inorganic plasmonic crystals.
SOG was filtered through 0.22 and 0.02 um syringe filters
before spin-casting (700 rpm for 10 s) to form a thin SOG layer
(~1 um thick) on top of a glass slide. The SOG soft gel
was embossed by conformal contact with a composite
h-PDMS/s-PDMS stamp consisting of nanohole array relief
structures.?'?%272%52 The sample was soft baked at 110 °C
for 3 min after which the PDMS stamp was carefully removed.
The embossed SOG film was further cured at 200 °C for 5 min
and annealed at 450 °C under nitrogen for 1 h. An ~5 nm tin(1V)
oxide film as an adhesion layer followed by a gold film were
deposited on the embossed SOG structure by sputter

YAO ET AL.

structures are shown to be stable in a wide range of
chemical environments and have been used as mas-
ters for the replication of additional plasmonic crystals.
The fabrication procedure for these plasmonic crystals
can be adjusted to tune the resultant relief depths of
the replicated nanostructures, and this versatility com-
bined with the optical properties of the SOG itself
provide powerful parameters for tuning the optical
properties of the plasmonic device. The use of SOG as a
molding material for nanohole arrays further extends
the utility of these plasmonic crystals as stable, low
cost platforms for high-performance liquid-phase and
vapor-phase sensing through surface plasmon reso-
nance and surface-enhanced Raman spectroscopy
measurements. Chemical selectivity and specificity
can be engineered into the sensor by functionalizing
the plasmonic crystal surface with analyte-specific
recognition mechanisms (such as DNA aptamers or
antibodies).??7%35% The material properties and the
processing controls demonstrated here are powerful
enablers for adapting these plasmonic crystals to meet
the continually evolving demand for inexpensive, yet
high-performance, sensing devices.

deposition in 5 mTorr argon (AJA International). For organic
vapor sensing experiments, a thin layer of titanium oxide with
thickness about 50 nm was deposited on the surface of SOG
plasmonic crystals following the Au deposition by glancing
angle electron beam evaporation.?

Fabrication of Plasmonic Crystals Using SOG Masters. The fabrica-
tion procedure for plasmonic crystals using SOG embossed
nanostructures as masters is similar to the procedure previously
described.?®3° A monolayer of fluorinated silanes was formed
on the SOG embossed nanostructure to aid the separation of
the SOG surface from the composite h-PDMS/s-PDMS stamp.>?
The PDMS stamp was then used to emboss photocurable
organic prepolymers or SOG sol to generate new plasmonic
nanostructures.

E-beam Lithography for Writing Nanostructures. A Raith e-Line
electron beam lithography system and nanoengineering work-
station was used to design and write nanostructures. Minimum
line widths less than 20 nm, stitching accuracy around 40 nm,
and overlay accuracy around 40 nm are possible using this
system. The operation conditions used for writing PMMA layers
with thicknesses of ~100 nm were as follows: voltage, 10 or
20KV; aperture, 10 um, 20 um, or 30 um; working distance, 10 mm.
PMMA A2 was spin-coated onto a silicon wafer (4000 rpm for
40 s) with a resulting thickness around 100 nm. The sample was
partially cured at 100 °C for 1 min and then cured at 180 °C for
2 min. After electron beam exposure using the Raith e-Line
system, the PMMA layer was developed using a 1:3 solution of
methyl isobutyl ketone (MIBK)/isopropanol (IPA) for 40 — 80 s,
rinsed with IPA, and dried with nitrogen.

Molecular Scale Molding. Randomly aligned individual single-
walled carbon nanotubes (SWNTs) with diameters between 0.6
and 3.0 nm and surface coverage of ~1—10 tubes/um? were
grown on SiO,/Si wafers using chemical vapor deposition
according to procedures described previously.2'®> These SWNT
structures were used as a master to fabricate elastomeric molds
for the soft nanoimprinting of SOG materials with molecular
scale features. A monolayer of fluorinated silanes on the SWNT
masters is necessary to aid in the separation of the SWNT master
and the composite PDMS stamp.>?
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Transmission-Mode Spectroscopy. Transmission spectra of SOG
plasmonic crystals were measured using a Varian 5G UV—
vis—NIR spectrophotometer operating in normal incidence
transmission mode without temperature control. A flow cell
was mounted on top of the plasmonic crystal and organic
solvents with increasing refractive indexes were injected into
the flow cell with a syringe pump (Harvard Apparatus) at a flow
rate of 0.1 mL/min. Transmission spectra over a wavelength
range of 355—700 nm were collected during the process to
monitor the changes in multiple plasmonic responses to those
of the surrounding dielectric environment.

FDTD (Calculations. Finite-difference time-domain calc-
ulations®®~7° were used to model the normal incidence trans-
mission spectra and electromagnetic field distributions of NOA,
SU-8, and SOG-based plasmonic crystals from a SOG master in air.
The unit cell geometry defines an infinite square array of
nanostructured gold film parallel to the x—y plane with semi-
infinite NOA material on the bottom side and air on the top side.
The unit cell involved N, x N, x N, =142 x 142 x 750 total grid
points. Propagations in the unit cell were carried out for 150 fs.
Uniaxial perfectly matching layers were applied on both sides of
the z grid to avoid artificial reflection errors from domain
boundaries. Appropriate periodic boundary conditions were
used to define the edge of the x—y plane consistent with the
geometry of the infinite square array. The frequency-dependent
gold permittivity was described by a Drude plus two-pole
Lorentzian model over a wavelength range of 350—1500 nm.
The dielectric constants of NOA, SU-8, SOG, water, and air were
taken to be 2.43, 256, 1.90, 1.78, and 1.00, respectively.

SERS Measurements. Surface-enhanced Raman spectroscopy
measurements were conducted using a SENTERRA dispersive
Raman microscope (Bruker Optics) with a 785 nm excitation laser
and an excitation power of ~2.7 mW. The Raman spectra were
collected over a Raman shift range of 440—1800 cm™". Gold
(50 nm) was deposited onto the surface of the plasmonic crystals
via electron beam evaporation. A self-assembled monolayer of
benzenethiol was formed on top of the plasmonic crystals by
immersing them in a 15 mM benzenethiol ethanol solution
overnight, rinsing thoroughly with ethanol, and drying with N,.
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