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Here, we report a simple colloidal templating approach for fabricating surface-enhanced Raman scattering
(SERS) substrates with highly reproducible enhancement over wafer-sized areas. The substrates are produced
by evaporating a thin layer of gold on highly ordered silica colloidal crystal-polymer nanocomposites created
by a scalable spin-coating technology. The ordered inorganic-organic composite structure induces the formation
of island-type gold films. Systematic measurements and statistical analysis show that the substrates exhibit
high SERS reproducibility with less than 28% standard deviation over a 4 in. wafer surface. Finite element
electromagnetic modeling has also been employed to simulate SERS enhancement from these structured
substrates.

Introduction

Surface-enhanced Raman scattering (SERS) has attracted
resurging interest because of significant advances in new
synthetic and nanofabrication methodologies for creating well-
defined nanoparticles and nanostructures as well as its great
potential for developing ultrasensitive chemical and biological
sensors for a wide spectrum of applications, ranging from
detection of chemical warfare agents to environmental monitor-
ing.1-14 Aggregated nanoparticles of noble metals (e.g., Au and
Ag) have been demonstrated to allow the detection of single
molecules.15,16 A recent systematic study shows that relatively
low SERS enhancement factors (as low as 107) are sufficient
for enabling single-molecule detection.17 Unfortunately, the
nanoparticle aggregation process is usually stochastic, and the
distribution of the electromagnetic “hot spots”, which contribute
most to the overall SERS intensity, is random.4 This results in
terribly poor reproducibility of SERS enhancement and has
greatly hampered the practical applications of SERS techniques.
The reproducibility issue also haunts another type of widely
exploited SERS substrates, the electrochemically roughened
metal surfaces, which exhibit a SERS enhancement factor of
104-105.18-22 It is not uncommon to observe SERS intensity
variation by a factor of 10 or higher across a centimeter-sized
sample surface. To resolve this formidable challenge, various
painstaking top-down nanolithography technologies, such as
electron beam lithography and focused ion beam have been
utilized to create SERS-active nanostructures with arbitrary
geometries.23,24 However, achieving high-throughput and inex-
pensive nanofabrication over large areas is still challenging for
these top-down techniques.

Bottom-up colloidal self-assembly and templating nanofab-
rication have been broadly employed as an inexpensive and
simple-to-implement alternative to nanolithography in creating
periodically structured SERS substrates.25-30 Nanosphere li-

thography (NSL), which uses monolayer or double-layer col-
loidal crystals as either a deposition or etching mask to define
periodic mosaic arrays of microcolumnar structures inside the
voids of colloids, has been demonstrated as a viable technology
for generating SERS-active substrates.31 The periodic surface
of self-assembled colloidal monolayers has also been used as a
structural template to fabricate the so-called metal film over
nanosphere (MFON) for a large variety of applications ranging
from electrochemical SERS to fundamental studies of SERS
mechanisms.27,32 Electrochemical deposition of metals and
evaporation-induced assembly of nanoparticles in the interstitial
voids of three-dimensional ordered colloidal crystals have also
been developed to yield structured SERS substrates.26,28 Bartlett
et al. have shown that sculpted nanovoid arrays exhibit high
SERS reproducibility with standard deviation of less than 12.5%
across a centimeter-sized surface.25 Unfortunately, current
colloidal self-assembly technologies suffer from several draw-
backs. First, it usually takes days or even weeks to assemble a
centimeter-sized sample. Second, most of the available bottom-
up techniques are not compatible with standard microfabrication,
limiting the throughput and on-chip integration of practical
devices. Third, only limited, close-packed crystalline structures
are available through conventional colloidal self-assembly.

We have recently developed a scalable and microfabrication-
compatible spin-coating technology for assembling wafer-sized
colloidal crystals with remarkably large single-crystalline
domains and unusual nonclosed-packed structures.33,34 Using
spin-coated monolayer colloidal crystals as templates, we have
fabricated periodic gold nanopyramid arrays with nanoscale
sharp tips.35 They have also been demonstrated as SERS-active
substrates with a high enhancement factor (up to 108).36,37

However, the fabrication process involves multiple steps (e.g.,
metal deposition, mask liftoff, and KOH anisotropic etch), and
each step could introduce some defects and uncertainties. The
accumulation of defects results in poor reproducibility and large
variation (>100%) in SERS enhancement over wafer-scale areas.
Here, we report a much simpler templating technology that only
requires a single metal deposition step for creating SERS
substrates with high reproducibility over large areas. The new
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methodology leverages the high uniformity of the spin-coated
colloidal arrays and well-established physical vapor deposition
techniques.

Experimental Section

Materials and Substrates. All solvents and chemicals are
of reagent quality and are used without further purification.
Monodispersed silica spheres with 320 and 400 nm diameters
and less than 5% diameter standard deviation are synthesized
by the Stöber method.38 Ethoxylated trimethylolpropane tria-
crylate (ETPTA) monomer is obtained from Sartomer (Exton,
PA). The photoinitiator, Darocur 1173 (2-hydroxy-2-methyl-1-
phenyl-1-propanone), is provided by Ciba Specialty Chemicals.
The (3-acryloxypropyl)trichlorosilane (APTCS) is purchased
from Gelest. Silicon wafers [test grade, n-type, (100)] are
obtained from Wafernet and are primed by swabbing APTCS
on the wafer surfaces using cleanroom Q-tips (Fisher), rinsed
and wiped with 200 proof ethanol 3 times, spin coated with a
200 proof ethanol rinse at 3000 rpm for 1 min, and baked on a
hot plate at 110 °C for 2 min. Benzenethiol (>98% purity) is
purchased from Sigma-Aldrich. Pure chromium and gold pellets
are obtained from Kurt J. Lesker.

Instrumentation. Scanning electron microscopy (SEM) is
carried out on a JEOL 6335F FEG-SEM. Atomic force mi-
croscopy (AFM) is performed on a Digital Instruments Dimen-
sion 3100 unit. A WS-400B-6NPP-Lite spin processor (Laurell)
is used to spin-coat colloidal suspensions. The polymerization
of an ETPTA monomer is carried out on a pulsed UV curing
system (RC 742, Xenon). Oxygen plasma etch is performed on
a Unaxis Shuttlelock RIE/ICP reactive ion etcher. An Angstrom
Engineering type-E CoVap electron beam evaporator is used
to deposit metals. Optical reflection measurements are carried
out using an Ocean Optics HR4000 high resolution fiber optic
UV-vis spectrometer with reflection probes. Raman spectra are
measured with a Renishaw inVia confocal Raman microscope.

Preparation of Gold-Coated Colloidal Crystal-Polymer
Nanocomposites. The fabrication of wafer-scale, nonclosed-
packed silica colloidal crystal-polymer nanocomposites is
performed by following the established spin-coating proce-
dures.33 In short, Stöber silica colloids are first dispersed in an
ETPTA monomer (with 2 wt % Darocur 1173 photoinitiator)
to make a final particle volume fraction of 20%. The colloidal
suspension is disposed on an APTCS-primed silicon wafer and
spin-coated at 300 rpm for 1 min, 800 rpm for 1 min, 1500
rpm for 20 s, 3000 rpm for 20 s, and 7000 rpm for 2 min. The
ETPTA monomer is rapidly polymerized for 12 s by using a
pulsed UV curing system. Two nanometer chromium and 18
nm gold are finally deposited on the surface of the colloidal
crystal-polymer nanocomposite by electron beam evaporation
at a typical deposition rate of 0.1 nm/s from graphite crucibles
at 2.5 × 10-6 mbar.

Normal Incidence Optical Reflection Measurements. A
calibrated halogen light source is used to illuminate the sample.
The beam spot size is about 3 mm on the sample surface.
Measurements are performed at normal incidence, and the cone
angle of collection is less than 5°. Absolute reflectivity is
obtained as a ratio of the sample spectrum and reference
spectrum. The reference spectrum is the optical density obtained
from an aluminum-sputtered (1000 nm thickness) silicon wafer.

Raman Spectra Measurements. The gold-coated nanocom-
posites are immersed in a 5 mM solution of benzenethiol in
200 proof ethanol for 2 days and then dried in air for 20 min.
Raman spectra are obtained using a 50× objective and a 785

nm diode laser at 0.5 mW with an integration time of 10 s and
a 40 µm2 spot size.

Electromagnetic Modeling of Raman Enhancement. In the
finite-element method (FEM) model,39 we suppose that the gold-
coated nanocomposite is placed horizontally, so that the interface
between the substrate and the medium (air) is parallel to the xz
plane while the hemispherical protrusions are along the y axis.
The total electromagnetic fields E ) Einc + Escatter and H ) Hinc

+ Hscatter should satisfy Maxwell’s equations within medium
and scatter (gold) domains

where ε and µ are domain-dependent permittivity and perme-
ability, respectively, and ω is the light frequency. Continuity
of tangential components of E and H across the interface
between air and gold leads to the following boundary conditions
with n as the interfacial normal vector

We then employ FEM under Comsol Multiphysics environ-
ment to solve eqs 1 and 2 for each substance (air and gold).
Ten boundary layers around the medium and scatter domains
are artificially constructed first. The “perfect matched layers”
(PML) boundary approach is then used to define the boundary
conditions for the bounded domains in order to obtain high-
resolution numerical solutions.40 The electronic and magnetic
conductivity of each boundary layer can be set artificially so
that little or no electromagnetic radiation will be reflected back
into the domain of scatter. To simulate electromagnetic fields
in the newly augmented domains, we solved Maxwell eq 1 in
all subdomains. The boundary condition (eq 2) still holds for
all internal interfaces. As to the outer boundaries of the PML
layers, a low-reflection boundary condition (eq 3) is used to
minimize residual reflection and attenuate the wave quickly
within the layers

After solving Maxwell eq 1 together with boundary conditions
(eqs 2 and 3), the two-dimensional electric field can be used to
calculate the order of magnitude of the Raman enhancement
factor [log G(x, y)] as41

where E(x, y) and E0 are the electric field amplitude at location
(x, y) and the incident field, respectively.

Results and Discussion

Contrary to traditional colloidal self-assembly technologies,
which usually take days or even weeks to assemble centimeter-
sized colloidal crystals as templates for making SERS substrates,
the spin-coating technology is rapid and scalable. We have
demonstrated that wafer-sized (up to 8 in. diameter) colloidal
crystals can be fabricated in minutes.33 In this methodology,
monodispersed silica particles with diameter ranging from tens

∇ × (∇ × E) - ω2εµE ) 0

∇ × (∇ × H) - ω2εµH ) 0
(1)

(E1 - E2) × n ) 0
(H1 - H2) × n ) 0 (2)

n × (∇ × HZ) - jωHZ ) 0 (3)

log G(x, y) ) log(|E(x, y)
E0

|4) (4)
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