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S
emiconductor nanowire and nanopillar
structures have been a subject of sig-
nificantly increased attention in recent

years, largely due to the renewed interest
in their unique properties that can be uti-
lized in photon detection and solar energy
applications.1�8 Although semiconductor
nanostructures with characteristic sizes on
the order of 100 nm are generally too large
for quantum confinement effects to take
place,9�11 optical properties of such nano-
structures tend to deviate substantially from
those of bulk semiconductors.3,5,12�16 Such
optical phenomena beyond the quantum
confinement regime can be explained by
the fact that optical resonators with sizes
(diameters) approximately an order of mag-
nitude smaller than the wavelength of light
in vacuum can be implemented in semi-
conductors. Indeed, several semiconductor
materials, in particular, silicon, possess very
high refractive indices (>3.5) combinedwith
low extinction coefficients in a portion of
the visible spectrumand in the near-infrared.
These properties make them uniquely
suitable for creating low loss optical reso-
nators with characteristic sizes of approxi-
mately 100 nm.
The complex and nontrivial nature of

optical resonances in semiconductor nano-
wires and nanopillars clearly follows from a
number of very recent studies in this
area.3,5,13�16 In particular, a series of recent
studies by Brongersma's group3,5,14 demon-
strated that leakymode resonances in semi-
conductor nanowires provide a powerful
and elegant means to engineer light ab-
sorption in optoelectronic devices5,17 and
tune the color of silicon nanostructures.14

Muskens et al.18 showed that strong Mie-
type internal resonances in vertically aligned
semiconductor nanowire arrays lead to record
levels of light scattering that can be tuned
over a wide spectral range. Furthermore,
the guided mode properties of individual
silicon nanopillars can give rise to a palette

of surprisingly vivid colors readily visible
in bright-field microscopy.16 Although this
recent study has unambiguously demon-
strated that individual silicon nanopillars
exhibit a certain type of resonance due
to the fundamental HE11 guided mode, a
remaining open question is whether signifi-
cant enhancements of local field can be
associated with this phenomenon and uti-
lized in analytical optical techniques in ana-
logy to localized surface plasmon resonance.
To our best knowledge, the possibility of
strong field enhancement associated with
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ABSTRACT Silicon nanowire and nanopil-

lar structures have drawn increased attention

in recent years due in part to their unique

optical properties. Herein, electron beam litho-

graphy combined with reactive-ion etching is

used to reproducibly create individual silicon nanopillars of various sizes, shapes, and heights.

Finite difference time domain analysis predicts local field intensity enhancements in the

vicinity of appropriately sized and coaxially illuminated silicon nanopillars of approximately 2

orders of magnitude. While this level of enhancement is modest when compared to plasmonic

systems, the unique advantage of the silicon nanopillar resonators is that they enhance optical

fields in substantially larger volumes. By analyzing experimentally measured strength of the

silicon Raman phonon line (500 cm�1), it was determined that nanopillars produced local field

enhancements that are consistent with these predictions. Additionally, we demonstrate that a

thin layer of Zn phthalocyanine on the nanopillar surface with a total amount of <30

attomoles produced prominent Raman spectra, yielding enhancement factors (EFs) better than

2 orders of magnitude. Finally, silicon nanopillars of cylindrical and elliptical shapes were

labeled with different fluorophors and evaluated for their surface-enhanced fluorescence (SEF)

capability. The EFs derived from analysis of the acquired fluorescence microscopy images

indicate that silicon nanopillar structures can provide enhancements comparable or even

stronger than those typically achieved using plasmonic SEF structures without the limitations

of the metal-based substrates, such as fluorescence quenching and an insufficiently large

probe volume. It is anticipated that dense arrays of silicon nanopillars will enable SEF assays

with extremely high sensitivity, while a broader impact of the reported phenomena is

anticipated in photovoltaics, subwavelength light focusing, and fundamental nanophotonics.

KEYWORDS: silicon nanopillars . axial illumination . fundamental HE11 mode .
large local field enhancement . FDTD analysis . SERS . SEF
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the fundamental guided mode in vertical silicon nano-
pillars has not been evaluated. Indeed, the majority
of studies in this field focused on higher modes that
have cutoff and are expected to exhibit a leaky mode
resonance.5 In these studies, asymmetric optical ar-
rangements were used. In particular,5,19 they described
conical and cylindrical Si nanowires probed by a
focused laser beam under normal and oblique angles
of incidence. Under those conditions, the fundamental
HE11 mode could not be efficiently excited and, there-
fore, was not evaluated in those studies. On the other
hand, illumination of an individual silicon nanopillar by
a coaxial beam makes excitation of the fundamental
HE11 mode very efficient.16 Previous studies in which
such a coaxial illumination was used, however, focused
on enhanced light absorption or scattering without
reporting the magnitudes of local field enhance-
ments.5,19 For instance, simulations of the transverse
electric field in the vicinity of a coaxially illuminated
nanopillar reported very recently by Seo et al.16 indi-
cated maximum values of unity regardless of the
wavelength due to the normalization method utilized.
Modeling of the optical near-field in the vicinity of
coaxially illuminated dual diameter germanium nano-
pillars indicated some degree of enhancement2 but
was not quantifiable due to the lack of an appropriate
normalization. Theoretical analysis of germanium
nanowires placed horizontally on a substrate was
conducted in another study17 and indicated enhance-
ments in optical near-field intensity, (Emax/E0)

2, in such
systems up to a factor of 10. Another recent study by
Sturmberg et al.20 points to a nontrivial task of optimiz-
ing silicon nanopillar arrays for enhanced optical ab-
sorption. While this study provided an excellent
analysis of the factors that determinemodal dispersion
and the magnitude of enhanced absorption of such
arrays, evaluation of the local field enhancement in the
vicinity of silicon nanopillars was beyond its scope.
Herein, we point to conditions when enhancement

of local field in the vicinity of an individual silicon
nanopillar is maximized and demonstrate experimen-
tally that such conditions associated with HE11 mode
provide a new pathway to spectroscopic analytical
techniques, including surface-enhanced fluorescence
(SEF) and Raman scattering (SERS), which do not involve
plasmons.
Although studies of semiconductor nanowires and

nanopillars often take advantage of “bottom-up” tech-
nological strategies, such as vapor�liquid�solid (VLS)
growth,21�23 a deterministic technological strategy
based on lithographic patterning is better suited for
creating sparsely spaced silicon nanopillars with more
flexible control over their shapes and dimensions.
Consistent with our goals and our previous positive
experience with nano- and microfabrication,24�26 we
relied on electron beam lithography (EBL) and anisotro-
pic reactive-ion etching (RIE) to create silicon nanopillars

analogous to the ones studied by Seo et al.,16 however,
with various shapes (Figure 1). Our rationale behind
exploring nanopillars with distinct sidewall pro-
files was three-fold: (i) tapered shapes are known to
improve coupling of HE11 mode in cylindrical dielectric
antennas;27 (ii) nanopillars with variable cross sections
exhibit resonances in a wider or multiple spectral
regions;2 and (iii) while anisotropic RIE of silicon offers
good control over sidewall profile, it rarely yields per-
fectly vertical sidewalls. Previous work in our group
focused on using EBL and RIE to create silicon nanopillar
structures, metalized for plasmonic effects, to perform
SERS with high sensitivity.24 Relatively short pillars were
found to maximize plasmonic and optical cavity con-
tributions to the observed overall fields26 and exhibited
Raman enhancement factors (EFs) of >109 with high
reproducibility. Here, we utilize similar technological
approaches and demonstrate the potential of relatively
long, narrow silicon nanopillars for achieving substantial
nonplasmonic field enhancements. The spatial distribu-
tions and heterogeneity of the near-field intensity
around the pillars are modeled using the finite differ-
ence time domain (FDTD) method. In analogy to theo-
retical evaluations of plasmonic nanostructures, we
evaluate maxima in local field intensity, which are the
highest values of the electric component of near-field
intensity, Emax

2, normalized by the field intensity of the
incident beam, E0

2. The calculated field enhancements,
Emax/E0, in turn, allow one to estimate Raman EF based
on the (Emax/E0)

4 formula. This formula is known togive a
fair approximation of the actual Raman EF in the case of
small individual plasmonic particles.28 For more com-
plex geometries and for larger (micrometer size) parti-
cles, enhancement of the Raman dipole emission tends
to be significantly reduced compared to the local field
enhancement Emax/E0.

28,29 Although the latter behavior
may well be the case for several micrometer long silicon
nanopillars, here we use the (Emax/E0)

4 formula to esti-
mate an upper theoretical limit of the Raman EF.

Figure 1. (a) Fabrication sequence used for creating silicon
nanopillars; (b) dark-field optical microscopy of type #2
nanopillars with average diameters ranging from 95 to
180 nm.
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In order to demonstrate the analytical consequences
of the enhanced near-fields in vicinity of a silicon nano-
pillar, we evaluate the raw spectroscopic signals
(Raman or fluorescence) generated by the nanopillar
itself or test analytes in close proximity and analyze the
raw signal increases (RSI) corrected for the background
signals and analyte amounts. Since we measured
spectroscopic signals of an ensemble of analyte mol-
ecules under the widely varying near-field intensities,
(Emax/E0)

2 around the nanostructure under study, our
reported average EF values are conservative estimates
that are substantially below the actual maximum EF
achieved in our experiments.

RESULTS AND DISCUSSION

To identify the boundaries of the nanopillar design
space and to drive successive iterations of our fabrica-
tion sequence, we carried out numerical simulations of
our experimental system using the FDTD method.
Our FDTD model closely resembled our experimental
system and included an individual silicon nano-
pillar, a silicon wafer substrate, and a Gaussian light
source impinging on the pillar coaxially (Figure 2a;
further details of the FDTD model are given in the
Materials and Methods section). Our evaluation of the

FDTD model indicates that a wavelength-dependent
enhancement of the local field intensity on the surface
and in the immediate vicinity of a sufficiently long
silicon nanopillar can reach more than 2 orders of
magnitude. Our FDTD simulations conducted for nano-
pillars of different diameters revealed that 110 nm is
the pillar diameter that corresponds to the strongest
field enhancement at approximately 650 nm. This
finding correlates well with the reflectivity minimum
at approximately 630 nm reported previously for arrays
of silicon nanopillars with 110 nm diameter.16 We also
found that maximum enhancement of the local field
intensity increases significantly when pillar heights
increase and also when the angular convergence of
the incident beam decreases.
We conducted more detailed FDTD analysis for a

pillar height of 2200 nm and beam divergence of 15�
(Figure 2). These values correspond, respectively, to the
longest nanopillars that we could reproducibly fabri-
cate and to the smallest convergence angle that we
could achieve in our experiments when illuminating
nanopillars through a high-magnification (100�) micro-
scope objective. The wavelength-dependent changes
in the distribution of the electric component of the
local field intensity in the plane perpendicular to the

Figure 2. FDTD simulations of a vertical Si nanopillar on a silicon substrate coaxially illuminated by a Gaussian beam: (a) schematic
representationof theX�Z intersectionof the3DFDTDmodel used in this study; (b) normalizedfield intensity in theX�YplaneatZ=
800 nm; (c) normalizedfield intensity along the X-axis at Y=800 nm in the region shownby the arrow in panel b in the vicinity of the
pillar (solid curve) and without the pillar (dotted curve); (d) normalized field intensity in the X�Z plane intersecting the pillar axis;
(e) normalized field intensity along the Z-axis in the vicinity of the pillar at X = 60 nm and Y = 0 nm calculated for 645 nm (dotted
curve), 660 nm (solid curve), and 675 nm (dashed curve). All simulation data shownhere except the inset in panel d are obtained for
pillarheight anddiameterof, respectively, 2200and110nm.Localfielddistributions inpanelsb�darecalculated forawavelengthof
660 nm and displayed on a logarithmic scale. The inset in panel d shows maximum intensity enhancements as a function of
wavelength for 2200 nm long pillars with diameters of 90 nm (dashed curve), 100 nm (dotted curve), and 110 nm (solid curve).
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nanopillar axis are indicative of the fundamental, HE11,
mode (Figure 2b) and consistent with the results
reported previously.16 Importantly, a strongly enhanced
field concentrates in extremely small areas in the nano-
pillar vicinity. As can be seen in Figure 2c, normalized
field intensity, E2/E0

2, decays from approximately 50 to
10 within less than 50 nm from the nanopillar surface.
Evaluation of the local field intensity in the Y�Z plane
intersecting the nanopillar axis and parallel to the
polarization plane (Figure 2d,e) provides additional
insights into the magnitude and mechanisms of the
observed enhancement. As expected, a periodic pat-
tern superimposed over the local intensity distribution
is formed due to standing waves at the reflecting
surface of the silicon substrate (Figure 2d,e). The max-
imum field intensity is observed at Z≈ 800 nm, that is,
shifted slightly along the Z-axis with respect to the
beam waist (centered at Z = 1000 nm) toward the
substrate. We analyzed the wavelength-dependent
nature of this enhancement (see inset in Figure 2d)
and used it for guidance in selecting nanopillar dia-
meters for our experiments in various spectral regions.
Consistent with the guidance obtained from our FDTD
analysis, we fabricated a series of silicon structures
with nanopillars of various heights and shapes and
average diameters in the range of 95 to 165 nm. In
order to evaluate the ability of such structures to
enhance Raman scattering and fluorescence signals
and to demonstrate their versatility in these potential
applications, we devised and conducted three types
of experiments that focused on (i) analysis of the
enhanced Raman scattering in silicon, (ii) fluorescent

microscopy of nanopillar structures labeled with NHS-
rhodamine and fluorescein isothiocyanate (FITC), and
(iii) Raman spectroscopy of a thin layer of zinc phthalo-
cyanine (ZnPc) deposited onto the nanopillar and sur-
rounding area. Results of these experiments provide the
first experimental evidence that individual silicon nano-
pillars can be used as versatile and highly efficient
enhancers of local field intensity with utility in analytical
optical techniques.

Nanopillar Fabrication. A fabrication sequence similar
to the ones reported in our own previous studies24 and
by other groups15,16 was used to create silicon nano-
pillar structures. A more detailed description of the
fabrication process can be found in the Materials and
Methods section. An important feature of our struc-
tures that differentiates them from the majority of
previously implemented silicon nanopillars was a large
area surrounding each individual nanopillar devoid
of additional features so as to allow for optical inter-
rogation without interference from other structures
(see Figure 1a). In addition to the guidance from our
numericalmodeling, feedback from the structural analy-
sis of nanopillars fabricated in previous trials determined
the parameters that would be used with subse-
quent fabrication. As a result, several pillar “types”were
created (Table 1). As can be seen in the table, each
pillar type had a distinctive height and shape. Each
pillar type included a series of pillars that spanned
a range of diameters, typically 75 to 160 nm. It should
be noted that diameters of the structures can be
described in two ways. The first description is accord-
ing to the diameter of the circular CAD feature used to

TABLE 1. Ability of Silicon Nanopillars with Various Shapes and Heights To Enhance Intrinsic Raman Scatteringa

a In each series of nanopillars of the same type, the optimum diameters correspond to a nanopillar that exhibited strongest enhancement of the silicon Raman line. Note that Si
line ratio is calculated as a raw signal enhancement; (pillar based signal� off-pillar background)/background. Values for (Emax/E0)

4 based on the FDTD method appear for each
type. Representative examples of several pillar types are shown as SEMs on the right.
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pattern the Cr mask. It is important to emphasize that
this diameter tends to deviate from the actual size of
the fabricated nanopillar since the sidewall produced
by the RIE is rarely perfectly vertical. The other way to
describe pillar diameter is to calculate the average
diameter of each nanopillar based on the analysis of
its scanning electron microscope (SEM) images. While
this parameter is more directly related to the actual
pillar size, relying on structural metrology based on
SEM imaging has its own disadvantages. In particular,
the accuracy of SEM quantitative measurements is
known to vary depending on the type of sample,
accelerating voltage, etc. and typically is not better
than 10%.

Enhancement of Intrinsic Silicon Raman Scattering. Once a
variety of silicon nanopillar structures had been fabri-
cated, a series of optical probing experiments were
conducted. In our initial screening tests, we used dark-
field optical microscopy, which could clearly visualize
each individual nanopillar as a bright light-scattering
spot, often characterized by a vivid color (Figure 1d).
Defective and missing nanopillar structures could be
readily identified in dark-field optical microscopy
observations. Subsequently, Raman spectroscopymap-
ping of our samples was performed using a confocal
Raman microscope with a 633 nm HeNe laser excita-
tion. In these experiments, we mapped the intensity of
the silicon line (phonon line of the single crystal silicon)
at 500 cm�1 over the 5 μm � 5 μm areas surrounding
each nanopillar. As seen in Figure 3, the intensity map
of the silicon line has a maximum that coincides with
the nanopillar position. The amplified silicon Raman
signal due to the presence of the pillar can also be
clearly seen in the spectra shown in Figure 3 below the
intensity map. Normalized increases in the silicon band
areas for on-pillar (signal) versus off-pillar (background)
laser spot positions are given in Table 1. These values
determined as [(signal � background)/background]
were used to judge the relative enhancement of the
Raman scattering by various nanopillar types in ana-
logy to the methodology described previously.19 It
should be emphasized, however, that our Raman spec-
troscopic measurements of silicon nanopillar structures
on silicon substrates always included a significant back-
ground signal from the substrate.

Several notable trends can be seen in Table 1. The
most readily recognizable trend is that taller nanopil-
lars exhibited higher signal enhancement (i.e., com-
pare type #6 with type #7). However, an explanation of
this trend based on the larger surface area of taller
pillars can be completely ruled out since enhance-
ments of the silicon Raman line also depended drama-
tically on the pillar shape. In particular, enhancements
of Raman scattering by type #3 nanopillars with under-
cut (negatively sloped) sidewalls were generally sig-
nificantly lower compared to the other nanopillar types
characterized by tapered (conical) shapes. While a

more extensive FDTD analysis of nanopillar models
with various shapes could provide valuable insights in
understanding this difference, it is reasonable to as-
sume that the tapered region improves coupling of the
scattered light into the collecting optics in analogy
to the tapered regions of dielectric rod antennas.27

The strongest enhancement of the silicon line Raman
scattering was observed in the case of tallest pillars
(type #7, shown in Table 1): the raw signal ratio was
found to be 11. This value was used for calculations of
the enhancement factor EF (see below).

Figure 4 shows analysis of the raw Raman signal
enhancement for nanopillars with two different shapes
(Figure 4a�c) with average pillar diameters in the
range of 95�210 nm. The values in Figure 4 are the
averages of measurements on three separate nano-
pillars of the given diameter, with the RSD for each
average better than 10%. It is worthy to note that, in the
case of a perfectly cylindrical nanopillar, FDTD analysis
predicts a straightforward relationship between the
pillar diameter and the wavelength at which the local
field undergoes maximum enhancement. In particular,
our FDTD simulations predict that the nanopillar
diameter needs to be approximately 110 nm for the
strongest local field enhancement to be achieved at
660 nm (see Figure 2e). Taking into account the Stokes
shift of approximately 20 nm for the Raman silicon line
in our measurements (i.e., wavelengths of probing and
scattered light are, respectively, 632 and 652 nm), this

Figure 3. Ramanmap (top) shows enhanced intensity of the
silicon phonon line due to the presence of a type #4 silicon
nanopillar with an average diameter of 95 nm. Also shown
are complete Raman spectrameasured on (bottom left) and
off (bottom right) the nanopillar.
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prediction correlates well with the trend shown in
Figure 4b for type #5 nanopillars. It appears, how-
ever, that optimum average diameters experimentally
determined for other nanopillar shapes, such as type #6
with noticeably narrower top and wider bottom, may
deviate from this prediction. This deviation is most
likely a complicating consequence of the tapered
nanopillar shapes with variable cross sections. On the
other hand, type #5 and type #6 nanopillars fabricated
using the same CAD dimensions had significantly dif-
ferent average diameters (Figure 4) due to the different

etching protocols. An important practical implication
of these observations is that a pattern with same
CAD diameter can be used to create nanopillars with
different average diameters optimized for different
wavelengths.

Enhanced Fluorescence. Strong enhancements of the
Raman silicon line generated by type #5 and #7
nanopillars encouraged us to use them in subsequent
fluorescent microscopy experiments and additional
Raman scattering measurements. Our hypothesis was
that local field enhancements in vicinity of silicon
nanopillars should enable enhanced fluorescence
measurements in analogy to enhanced fluorescence
in the vicinity of plasmonic nanostructures and metal
surfaces.30�35 Such systems enabling enhanced fluo-
rescence are of great interest in chemical and biologi-
cal analysis.36,37 They have recently become a subject
of more extensive studies due to advances in nano-
technology and chip level fluidic systems.38,39 A com-
mon feature of many previously implemented systems
that exhibit enhanced fluorescence is the presence of a
plasmonic metal feature. By contrast to these studies,
here we demonstrate that practically significant en-
hanced fluorescence can be achieved in a metal-free
system by taking advantage of strong local field en-
hancement in the vicinity of an appropriately designed
silicon nanopillar.

Type #5 nanopillar structures were labeled with
NHS-rhodamine dye using techniques described in
the Materials and Methods section. The fluorescent
image in Figure 5 shows a set of NHS-rhodamine-
labeled nanopillars with average diameters ranging
from 95 to 165 nm (left to right). Each column of
nanopillars in Figure 5 corresponds to the same nom-
inal size. Dramatically increased fluorescence intensity

Figure 4. (a) Silicon Raman signal ratio (on versus off
nanopillar, 500 cm�1) trend of two different types and
heights of nanopillars based on the CAD (Cr mask diameter
at the top of the structure). (b) Trend with average pillar
diameter of type #5 pillar (see Table 1). (c) Trend with
average pillar diameter of type #6 pillar.

Figure 5. Fluorescence image of nanopillars ranging from 95 to 165 nm in average diameters and coated with NHS-
rhodamine. The corresponding intensity plot (blue) correlates well with the trend seen in Figure 4. The intensity is also
reproducible for a given average diameter (red).
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in the regions corresponding to each nanopillar is
clearly seen in Figure 5. The red fluorescence intensity
maximizes in the region occupied by the smallest
pillars with an average diameter of 95 nm. Note that
an examination of a blank sample with no fluorescent
dyewas conducted and produced negligible signal (no
pillar vesus nonpillar difference). The excitation band
used to acquire these images is centered at approxi-
mately 540 nm. Notably, the 95 nmdiameter correlates
reasonably well with the results of our FDTD analysis
that predicts local field enhancement to maximize at
580 nm for this nanopillar diameter. The fluorescence
intensity profile measured across a series of nanopillars
with the same targeted diameter of 140 nm indicates
excellent reproducibility of the observed enhance-
ment (a relative standard deviation of 7%). The type
#5 nanopillar structures produced a raw fluorescence
signal enhancement of approximately 35 for each
individual pillar (see Figure 5). This value compares
favorably with many previously demonstrated SEF
systems, such as metal nanocomposites,40 silver nano-
particles,41,42 and thin metal films.43,44 While these
systems have been proposed for a variety of applica-
tions, including protein binding and immunoassays,
the observed raw enhancement is generally 10�15
times in the best performing systems45 with an excep-
tion of plasmonic nanostructures similar to SERS-active
“hot spots”. Strongest fluorescent enhancement, up to
2 orders of magnitude, has been achieved by placing a
fluorescently labeled sample on a SERS-active sub-
strate in vicinity of a hot spot.31 However, transition
from fluorescence enhancement to fluorescence
quenching is common when a sample molecule is
extremely close to the metal surface.46 Furthemore,
enhanced field in the vicinity of the silicon nanopillars
(see Figure 2c) has a significantly larger total volume
compared to the majority of plasmon-based SEF sys-
tems. Enhancement of fluorescence signals within
larger analyte volume combined with the absence of
fluorescence quenching means that there are fewer
experimental constraints when analyte sequestering
reagents are immobilized on the nanopillar. In parti-
cular, we envision a system in which analytes are not
quenched due to contact with the nanopillar surface
while large bioaffinity molecules such as capture anti-
bodies are still within the reach of the high fields.

In order to further demonstrate the versatility of our
approach and its potential for a variety of analytical
fluorescence techniques, we prepared a series of
nanopillar structures characterizedbyelliptical cross sec-
tions and labeled them with FITC. In order to fabricate
this series of nanopillars, elliptical CAD patterns with
two different dimensions and the major axis oriented
at incrementally rotated angles were created (depic-
tion at the top of Figure 6). These elliptical nanopillars
were etched using the same RIE recipe as the one used
to etch type #5 pillars. In addition to demonstrating SEF

using another dye, the goal of these experiments was
to take advantage of polarization-dependent reso-
nances in elliptical dielectric resonators. Our hypoth-
esis was that, in the case of polarized incident light,
effective diameters of elliptical nanopillars will depend
on the relative orientation of the polarization plane
with respect to the ellipse's major axis. This hypothesis
was indeed confirmed by our experimental observa-
tions. When illuminated by nonpolarized light, the
fluorescence intensity of individual elliptical pillars
was fairly uniform across the array with the incremen-
tally rotatedmajor axis. Under polarized light, however,
fluorescence intensity depended noticeably on the
major axis orientation. As can be seen in the intensity
plots for b and c in Figure 6, the horizontal orientation
(major axis coinciding with the polarization plane)
gave a stronger signal compared to nanopillars with
the major axis oriented at arbitrary angles or vertically.
Note that both the polarized and nonpolarized light
yield similar trends in the intensity plots for the circular
pillars.

Enhanced Raman of a Thin Sample Layer on Nanopillars.
The key strength of Raman spectroscopy is that it
provides chemical information about analyzed sam-
ples. However, due to extremely small cross sections of
inelastic scattering interactions, Raman spectroscopy is
not a sensitive technique unless enhancement of the
Raman signal is achieved via the use of appropriately
designed surfaces. As such, SERS has become more
popular for both chemical and bioanalysis due to the
enhanced sensitivity.38While SERS is a well-established
approach that takes advantage of the localized surface
plasmon resonance in noble metal nanoparticles and
on rough surfaces of noble metals,47,48 recent theore-
tical study has indicated that plasmonless SERS may
also be possible.29 Indeed, one of the biggest contin-
ued challenges in SERS as an analytical technique has
been scarcity and irreproducibility of hot spots largely
due to polymorphism and surface reactivity of metal
nanoparticles. Furthermore, when only a small number
of sample molecules are available, then their precise
delivery to a particular hot spot represents even a
bigger challenge. Therefore, field concentration by
silicon nanopillarsmay help to bridge the gap between
micro-Raman spectroscopy, which relies on conven-
tional refractive optics and is a viable analytical tech-
nique but lacks sensitivity for demanding applications,
and SERS, which offers excellent sensitivity in the
laboratory but relies on plasmonic structures that lack
robustness and reproducibility suitable for analytical
applications.

The question arises whether the same optical phe-
nomena responsible for enhancement of the silicon
Raman line in silicon nanopillars, nanowires, and
nanocones49�51 can be utilized to implement this con-
cept and enhance Raman scattering of a thin sample
layer on the surface of such silicon nanostructures.
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In order to address this question, a thin layer of zinc
phthalocyanine (ZnPc) was vapor deposited onto chips
with nanopillars (type #7) and used as a model analyte
with relatively strong Raman scattering. As a result of
two deposition steps (see details in Materials and
Methods), approximately 24 nmof ZnPcwas deposited
on the silicon wafer surrounding the pillars while the
thickness of the ZnPc layer on the pillar sidewalls
had a crescent distribution with estimated maximum
and average values of, respectively, 12 and 8 nm.

This geometry corresponds to <30 attomoles of ZnPc
present on the nanopillar surface.

Figure 7 shows a Raman map of the area around a
single pillar. Acquisition time of 10 s was used for each
point. The left side of Figure 7 shows the Raman
spectrumof ZnPcwhen the probing beamwas focused
on the nanopillar, while the spectrum on the right
shows the off-pillar signal. When the polarization of the
probing beamwas parallel to the line connecting parts
of the nanopillar sidewalls with thickest ZnPc deposits,

Figure 6. Fluorescence images of FITC-coated type #5 nanopillars and two sets of elliptical nanopillars etched using the
same RIE recipe. Fluorescence intensities in nonpolarized (left image) and polarized (right image) light are shown for
(a) type #5 circular pillars with average pillar diameters in the range of 95�165 nm, (b) 110:70 nm elliptical pillars with
the incrementally rotated major axis, and (c) 120:50 nm elliptical pillars with the incrementally rotated major axis. The
intensity profiles for nonpolarized (top blue) and polarized (bottom red) light are shown in the respective a�c panels at the
bottom.

Figure 7. Raster experiment is shown at center for the type #7 Si pillar (see SEM in Figure 1c and Table 1 data) with∼12 nmof
ZcPc deposited at 45�, sample rotated 180�, then a second deposition of ∼12 nm. Significant bands are highlighted in the
Raman spectra for the off-pillar case on the right and the on-pillar case on the left. The ratios of the areas of the on-to-off-pillar
1500 cm�1 bands for polarizations that are parallel (shown here) and perpendicular (not shown) to the source substrate line-
of-sight are, respectively, 19.3 and 4.4.
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the on-pillar to off-pillar Raman signal ratio was ap-
proximately 20. When the polarization was perpendi-
cular to the deposition direction, the signal ratio was
only about 5. The different ratios are consistent with
the directional nature of the vapor deposition process
and presence of crescent-shaped ZnPc deposits on the
nanopillar sidewalls.

Enhancement Factor Determination. A nanopillar, area-
corrected enhancement factor from the nanopillar
structure was determined to assess the analytical utility
of this system when scaled up. As such, EFs were
determined for three representative cases: (1) Raman
(phonon line of the single-crystal Si), (2) SERS (ZnPc),
and (3) SEF (NHS-rhodamine). Initially, the average
enhancement for the entire pillar structure (type #5)
was looked at based on the results from the first silicon
Raman line nanopillar trials. Using eq 1 seen in the
Materials and Methods section, which compares the
raw signal increase (RSI) based on the background-
corrected on versus off nanopillar signal ratio, and the
fractional change in analyte amount due to the nano-
pillar (ΔAn), the overall EF for the pillar is calculated.
Average pillar diameter was used in determining ΔAn.
The Materials and Methods section provides example
calculations. The RSI for the type #5 pillar was found to
be 7.04 (see Table 1), while the ΔAn is based on the
assumption that the analyte (silicon material) that is
optically probed is approximately 100 nm thick. For this
particular pillar set, the EF was found to be ∼510. This
is a strong enhancement and comparable with that
obtained by others.19

The next set of calculations was based on the
nanopillar being an appropriate structure to perform
enhanced Raman analysis of a sample layer, in ana-
logy to thin films on SERS-active substrates. The
known amount of ZnPc deposited onto the surface
of the pillar (type #7) made a strong test case.
Equation 1 was used again, and this time the RSI
was found to be 18 at the 1500 cm�1 Raman band
(Figure 7), while the ΔAn is based on the ZnPc
thickness on the pillar as well as on the silicon wafer
floor. The EF for the type #7 pillar, with respect to
ZnPc, is found to be∼200. While this is a modest level
of enhancement when compared to plasmonic SERS-
active structures, it is the first convincing demonstra-
tion of acquiring a SERS signal of a sample material
using the light-focusing properties of silicon nanopil-
lars without metal. Furthermore, the enhancement
reported is averaged over the entire nanopillar struc-
ture; EF can be significantly greater when defined
specifically for a very small fraction of the nanopillar
surface where local field reaches maximum values.

Finally, even though calculating enhancement for
SEF is usually conducted as a comparison between
signal on and off of the structure, an alternative
calculation similar to that of SERS enhancement can
also be made with eq 1. For this calculation, the type

#5 pillar systemwith NHS-rhodaminewas considered.
The RSI was found to be approximately 35 as dis-
cussed earlier (Figure 5). The ΔAn was determined
with the assumption that the APTES was coated in an
ultrathin layer, basing the calculations on areas for
the on-pillar and off-pillar cases. The EF was found to
be ∼120.

CONCLUSIONS

Using FDTD numerical analysis, we predicted ap-
proximately 2 orders of magnitude enhancements of
the local field intensity in the vicinity of appropriately
designed and coaxially illuminated individual silicon
nanopillars. Although optimized plasmonic systems
that exhibit LSPR are capable of enhancing local fields
to a significantly higher degree, themain advantage of
the silicon nanopillar resonators is that they enhance
fields in substantially larger volumes. We implemented
such a nanopillar structure using a deterministic, wafer
level nanofabrication sequence and for the first time
experimentally measured enhanced Raman and fluo-
rescence signals generated in this system in the pre-
sence of several different model sample materials. The
magnitudes of the measured enhanced Raman and
SEF signals as well the dependencies of these signals
on the nanopillar geometry are generally consistent
with our theoretical predictions. Analysis of our experi-
mental data indicates that silicon nanopillar structures
can provide fluorescence enhancements comparable
or even stronger than those typically achieved using
plasmonic SEF structures. We believe that nonplasmo-
nic SERS with moderate EF will be instrumental when
chemically specific detection is critical while samples
are available in relatively large amounts. These amounts
can be still remarkably small compared to limits of
detection of other methods: in our preliminary experi-
ments, excellent Raman signal was generated from <30
attomoles of ZnPc.
It is anticipated that properly designed massive

arrays of silicon nanopillars will enable SEF assays with
extremely high sensitivity while also addressing pro-
blems, such as oxidation and sulfur poisoning, present
in plasmon-based SEF systems. Further improvements
in analytical figures of merit, in particular, defined as
the lowest surface concentration that yields Raman or
fluorescence signal above the noise floor, are expected
by extending our approach to silicon nanopillars
arranged into dense arrays. Interaction between nano-
pillars in arrays can to some degree homogenize the
field, which can be bad or good depending on the
application. A recent study by Sturmberg et al.20

points to a nontrivial task of optimizing silicon nano-
pillar arrays for enhanced optical absorption. Even
more complex behavior can be anticipated when
optimization of silicon nanopillar arrays aims at max-
imizing local field enhancement. Therefore, further
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theoretical analysis and experiments are needed in
order to gain more comprehensive understanding of

the fundamental mechanisms responsible for the
observed behaviors.

MATERIALS AND METHODS
Silicon Nanopillar Fabrication. We used a fabrication sequence

that relied on EBL, metal mask lift-off patterning, and aniso-
tropic RIE of silicon as described previously.52 Detailed steps of
this sequence are as follows. A 300 nm film of ZEP 520A, a high-
resolution positive tone resist suspended in anisole, was applied
to the wafer using spin coating at 6000 rpm for 45 s onto a 4 in.
silicon Æ100æ wafer. Once coated, the wafer was then baked at
180 �C for 2min and placed under vacuum in the JEOL JBX-9300
FS/E EBL system (100 keV thermal field emission gun).

Individual features were exposed to a 420 μC/cm2 dose for
writing, yielding circles and ellipses with targeted diameters
ranging from 50 to 150 nm. Each circle or ellipse had 5 μm of
space between other features and was laid out in ascending
diameter from left to right while duplicating each row for a total
of six of each diameter (see Figure 5). Following beam exposure,
the wafer was developed in xylene and then introduced to an
O2 plasma (Oxford reactive ion etcher).

In order to create a masking layer for the RIE of silicon, a
20 nm chromium layer was deposited onto the surface of the
wafer using an electron-beam dual gun evaporation chamber
(Thermonics Laboratory, VE-240). The excess resist and chro-
mium were then removed via lift-off using an acetone bath
followed by isopropyl alcohol and deionized water rinses.
Anisotropic RIE of silicon was then performed using a combina-
tion of inductively coupled plasma (ICP) and capacitively
coupled plasma (CCP) conditions. ICP power, CCP power,
pressure, substrate temperature, and a chemical composition
of the plasma were adjusted to achieve the targeted nanopillar
with close to vertical sidewalls. Plasma composition was varied
by changing flow rates of the three processing gases: argon,
sulfur hexafluoride, and octafluorocyclobutane. Different nano-
pillar heights were obtained by varying etch times. To deter-
mine exact dimensions of each pillar with a given etch recipe,
we used scanning electron microscope (SEM) images.

FDTD Analysis. FDTD Solutions software package (Lumerical
Inc.) was used in our simulations of the fabricated structures in
order investigate their optical behaviors, in particular, their
ability to enhance the local field. In order to take into account
effects of various components of our experimental system, we
compiled a series of 3D FDTDmodels that were composed of an
individual silicon nanopillar, a silicon substrate, and a Gaussian
light source impinging on the pillar coaxially (Figure 2a). Per-
fectly matching layer (PML) boundary conditions with 36 layers
were used on all sides. The sizes of the simulated volume were
10 μm � 10 μm � 4.5 μm (X � Y � Z), large enough to
accommodate a converging Gaussian source without truncat-
ing the beam. The Gaussian beam source was set to have
propagation direction opposite to the Z-axis (i.e., top to bottom)
and linear polarization parallel to the X-axis. The source para-
meters were selected to span the wavelength region of 475 to
675 nm. Throughout the simulated volume outside the nano-
pillar region, we used a variable mesh size with a maximum size
of 50 nm � 50 nm � 20 nm (X � Y � Z). A refined mesh with a
constant step of 5 nm� 5 nm� 2 nm (X� Y� Z) was used in the
region that included the pillar plus at least 20 nm margins
outside the nanopillar along each axis. The main variable
parameters of our simulations included (i) pillar diameter, (ii)
pillar height, and (iii) Gaussian beamconvergence. The results of
the performed simulations were analyzed by evaluating local
field intensity in the following planes: (ii) perpendicular to the
Y-axis at X = 0, (ii) perpendicular to the X-axis at Y = 0,
perpendicular to the Z-axis at Z = 200 nm (for shorter pillars)
and Z = 800 nm.

Raman Spectroscopy and EF Calculations. All Raman spectra were
collected using a JY-Horiba LabRam microscope. Details of
the instrument setup have been described previously.52,53

A 50� (0.45 NA, ¥) microscope objective was used to deliver

0.67 mW of the 633 nm line of a thermoelectrically stabilized
HeNe laser with a spot size of approximately 2.5 μm. All spectra
were collected with a backscattering geometry. Sample acquisi-
tion times were generally set to 3 s. Silicon Raman signal was
optimized by fine-focusing the microscope objective, and the
maps of Raman spectroscopic signalswere collectedwhile raster-
ing the laser beam across each pattern at 0.5 μm intervals
(1 spectral acquisition per step) over a single pillar (see Figure 3).
SERS spectra were manually corrected for the broad background
scatter using the LabSpec 4.12 software of our Raman system.

Enhancement factors (EFs) were computed using eq 1:

EF ¼ RSI
ΔAn

(1)

where RSI is the raw signal increase (i.e., the ratio of the areas of
the Si 500 cm�1 band, Raman ZnPc 1500 cm�1 band, or the
fluorescence NHS-rhodamine signal) on-pillar (corrected for off-
pillar background) divided by the off-pillar background for the
pillar under investigation. The RSI values can be found in Table 1
for the silicon Raman case, Figure 7 for ZnPc, and Figure 5 for
NHS-rhodamine. ΔAn is the fractional increase in analyte
amount (computed as volume or area) due to the presence of
the nanopillar (approximated as a cylinder for EF estimates). The
fractional increase canbegenerally calculated using the equation

ΔAn ¼ πDht1
πW2t2

(2)

where the parameters are diameter (D) and height (h) of the pillar
and the focused laser beamof spot sizewaist (W=1250nm). Also,
t is the analyte thickness on the pillar (t1) and Si floor (t2). Tor
determine volumes, the depth of the analyte material was taken
as the thickness of the vapor-deposited ZnPc film or estimated to
be 100 nm when considering the Si base material. In the case of
the fluorescence of NHS-rhodamine, an ultrathin layer was
assumed to be due to the APTES linker and, thus, areas (rather
than volumes) were used. In this case, a pixel of the microscope
area detector (1 μm2) and the nanopillar surface area were used.
The calculated EF in each case is then reported as the average for
the entire nanopillar structure; localized values can be signifi-
cantly higher. Calculation details for the cases discussed in the
Results and Discussion section appear below.

Case 1 Si Raman: type #5 silicon pillar with 100 nmanalyte (Si
base material) thickness:

RSI ¼ 7:0 ΔAn ¼ π(47 nm)2 975 nm=π(1250 nm)2

100 nm ¼ 0:0138 EF ¼ 7:0=0:0138 ¼ ∼510

Case 2 ZnPc SERS: type #7 silicon pillar with t1 = 8 nm (based on
12 nm of ZnPc on each side of the pillar and shadowing effects)
and t2 is 24 nm:

RSI¼18 ΔAn ¼ π180 nm 2300 nm 8nm=π(1250 nm)2

24 nm ¼ 0:088 EF ¼ 19=0:88 ¼ ∼200

Case 3 SEF: type #5 silicon pillar , APTES-rhodamine ultrathin
layer:

RSI ¼ 35 ΔAn ¼ nanopillar area=pixel area

¼ 2:91� 105 nm2=1:0� 106 nm2 ¼ 0:291 EF

¼ 35=0:291 ¼ ∼120

Microscopy. Scanning electron microscope (SEM) images
were collected with an FEI dual beam SEM/FIB microscope with
a field emission gun operating at approximately 5.00 kV, altered
slightly depending on the angle of imaging. Sample damage
and charge buildup were reduced under these conditions,
yielding moderate-resolution images of the Si pillar substrates.
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All optical microscopic images were obtained using a Nikon
Eclipse 100microscope using a 100�microscope objective. The
microscope was equipped with a high-pressure broad-band
Hg light source, a multicolor fluorescence cube (DAPI-FITC-
TRITC),54 and a Digital Sight CCD camera (DS-2M, Nikon, Inc.)
controlled by NIS-Elements software.

Substrate Preparation. After fabrication, some pillars were
fluorescently labeled for imaging. Using a method described
previously,55 each piece of silicon wafer containing nanopillars
was placed in a vial with anhydrous toluene with the addition of
3-aminopropyltriethoxysilane (APTES) to create a 10% solu-
tion by volume. The chips soaked in the APTES solution for
1 h at room temperature before being rinsed sequentially
with toluene, methanol, and 18 MΩ deionized water
(Barnstead, E-Pure). This process has been shown to yield a
smooth, thin, uniform layer of APTES. From that point, one of
two fluorescent dyes was used. Thirty microliters of a 1 mM
solution of either NHS-rhodamine dye or FITC dye was spotted
onto the pillars and allowed to bond to the chip (15 min for
NHS-rhodamine and 45 min for FITC) before excess dye was
removed.

Some of the fabricated nanopillars were coated with a
thin layer of ZnPc. ZnPc was thermally evaporated onto the
silicon chips with the pillars in a Cooke CVE 301 physical
vapor deposition (PVD) system. In order to deposit compar-
able amounts of ZnPc on the nanopillar sidewalls and sur-
rounding silicon substrate, the chips were mounted at a 45�
angle with respect to the line of sight between the substrate
and the evaporation source. After 12 nm of ZnPc was depos-
ited, the substrate was rotated 180� and another 12 nm was
deposited. The nominal thickness of the deposited ZnPc was
monitored with a QCMmounted in the PVD. As a result of this
procedure, approximately 24 nm of ZnPc was deposited on
the silicon wafer surrounding the pillars while the thickness
of theZnPc layeron thepillar sidewalls hada crescent distribution
with estimatedmaximum and average values of, respectively, 12
and 8 nm.
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