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ABSTRACT: A surface-enhanced Raman spectroscopy sensing
template consisting of gold-covered nanopillars is developed. The
plasmonic slab consists of a perforated gold film at the base of the
nanopillars and a Babinet complementary dot array on top of the
pillars. The nanopillars were fabricated by the incorporation of an
iron salt precursor into a self-assembled block copolymer thin film
and subsequent reactive ion etching. The preparation is easy,
scalable, and cost-effective. We report on the increase in surface-
enhanced Raman scattering efficiency for smaller pillar heights and
stronger coupling between the dot array and perforated gold film
with average enhancement factors as high as 107. In addition, the
block copolymer-derived templates show an excellent relative
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standard deviation of 8% in the measurement of the Raman intensity. Finite difference time domain simulations were performed to
investigate the nature of the electromagnetic near-field enhancement and to identify plasmonic hot spots.

KEYWORDS: surface-enhanced Raman spectroscopy, block copolymer lithography, nanofabrication, plasmonic nanomaterials,
finite difference time domain simulation, 4-aminothiophenol, SERS uniformity

B INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a versatile
tool for the detection of analytes in ultralow concentrations. It
gives valuable information about molecular vibrations in the
vicinity of plasmon active surfaces. It is widely accepted that
the main mechanism of the Raman scattering enhancement is
the large local electric field amplification at sharp edges or at
nanometer-sized gaps between plasmonic particles, so-called
plasmonic hot spots." In the last decade, much effort has been
concentrated on the fabrication of economically viable SERS
sensors with a high density of effective hot spots.' These
fabrication approaches can be divided into bottom-up and top-
down methodologies. Bottom-up approaches use wet chem-
istry to prepare metallic colloids such as nanospheres,”
nanorods,” or nanostars.” Their preparation is easy, scalable,
and cost-effective while also providing a strong SERS
enhancement. However, a lack of precise control over the
nanoparticles shape, size, and arrangement results in varying
and non-uniform Raman intensities over the substrate, and
reproducibility remains a challenge." Top-down approaches
generally rely on lithographic fabrication methods with higher
control over the SERS substrate geometrical parameters.
However, these generally are of higher cost and have lower
throughput. Lithography-based SERS substrates typically
consist of metallic dot arrays and their complementary
perforated thin films.” In recent years, much attention has
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focused on the study of nanopillar arrays, with their top and
base coated by metals, enabling large SERS enhancement
factors and increased surface area.’ This approach allows
for recycling of the plasmon-active layer deposited on the
nanopillars once contaminated.” The perforated metal film at
the base of the array can also be used as an electrode for
spectrochemistry and electrochemistry.® Many methods have
been presented for the fabrication of nanopillar arrays for
SERS application, includin% maskless reactive ion etching,”™ "'
nanosphere lithography,' " laser interference lithogaphy,14
E-beam lithography,">™"” nanoimprint lithography, ®'” and
block copolymer lithography.”*’

A common strategy is based on pillar arrays with large aspect
ratios on the order of 10:1. After a target analyte is drop-coated
on to the SERS substrate and the subsequent solvent
evaporates, the pillars aggregate due to surface tension. The
result is a strong lateral coupling of the plasmon-active metals
deposited on top of the pillars, which deliver a strong SERS
enhancement.””~'*? In addition, hydrophobic pillar arrays
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Scheme 1. Fabrication Process for VCPAs”
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swelling of the phase-separated film. (D) Incorporation of iron salt into the block copolymer film, (E) polymer removal, and the formation of iron
oxide nanodots by a UV/ozone treatment. (F) Iron oxide nanodots are used as an etch mask and pillars are etched into the substrate,(G) iron oxide
is removed from the top of the pillars, and (H) gold is deposited on the nanopillar template. The perforated gold film at the base of the pillars and
the gold dot array on top of the pillars form vertically coupled plasmonic arrays (VCPAs).

5.5 nmfi~ ‘;\7\‘72.3 PG DD
so | B ‘/x' 3 f::,\s’?:' ‘-{’-t:

l"?o" °'.l"‘ c”‘*'
Lt S N\ ‘
40 (5%

1.0

0.0

250 nm

Figure 1. Fabrication process steps: AFM topography images after (A) phase separation of PS-b-PEO and (B) swelling of the block copolymer
film. Top-down SEM images of (C) iron oxide etch mask, after polymer removal and (D) of VCPAs.

66 can confine the spread of droplets and consequently increase
67 the analyte concentration locally on the SERS substrate.”’
68 However, the aggregation-based strategy leads to non-uniform
69 local Raman intensities that can vary by up to a factor of two
70 across the substrate.” It is also disadvantageous for in situ
71 studies in an aqueous environment and for analytes that
72 require a controlled functionalization of the metal surface.””
73 As an alternative approach, pillar arrays with small height-to-
74 diameter aspect ratios may be used.”””'®** These nanopillars
75 enable two types of couplings depending on their geometrical
76 parameters: (i) lateral coupling in between the top of the
77 pillars™ or (ii) vertical coupling of the metal layers deposited
78 on top of the nanopillars and dewetted gold clusters on the
79 side wall of the nanopillars that typically arise from an
g0 inhomogeneous metal deposition process.””~'® Here, we
81 present SERS substrates fabricated by block copolymer
82 lithography and based on strong vertically coupled plasmonic
83 arrays (VCPAs) between the gold layer on top of the
84 nanopillars and a perforated gold thin film at their base. It is
85 demonstrated that the Raman intensity drastically increases for
86 decreasing gap sizes between the perforated gold thin film and
87 the gold dot array. Previously, nanopillar SERS substrates
88 fabricated by block copolymers have relied on a costly atomic
89 layer deposition intermediate step.””’ We show that such
90 arrays can be fabricated by a novel cost-effective and scalable
91 process based on the selective incorporation of iron precursors
92 in microphase-separated block copolymer films to form an etch
93 mask”* (see Scheme 1).

—

B RESULTS AND DISCUSSION

Sample Fabrication. The optical properties and the SERS
enhancement of the VCPAs are %overned by the geometrical
parameters of the plasmonic slab."** The best enhancement is
achieved when the plasmon resonance is tuned to the laser
excitation wavelength. Tuning can be made by adjusting the
pillar height through the etch process parameters. The pitch
and pillar diameter are defined by the initial etch mask
predefined by the block copolymer system. The relative size
and structure of the block copolymer film can be varied
through altering the molecular weight, volume fraction, and
chemical structure of the components of the block copolymer.
Here, the polystyrene-b-poly(ethylene oxide) (PS-b-PEO)
block copolymer was used with respective average molecular
masses of blocks Mps = 42 kg mol™ and My, =
11.5 kg mol™'.***” This block copolymer system has been
previously well studied, and the derived pattern shows large
scale uniformity, which has been confirmed by grazing
incidence small-angle X-ray scattering.”*™** A 1 wt % block
copolymer solution in toluene was spun cast onto a silicon
substrate for 30 s at 3000 rpm, which was followed by solvent
vapor annealing in a glass jar in a toluene atmosphere for 80
min at 50 °C. Thermal solvent vapor annealing facilitates the
mobility of the polymer chains so that the cast film can
restructure into a more stable state in thermal equilibrium. As a
result, the block copolymer phase separates into hexagonal-
ordered PEO domains in a PS matrix, observed by AFM
analysis (Figure 1A and a corresponding AFM profile line in
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Figure 2. SEM images of VCPAS of varying heights imaged at a 70° angle. Pillar heights are (A) $S nm, (B) 65 nm, (C) 74 nm, and (D) 91 nm.

A B

4-ATP
SERS

baseline

background
corrected
SERS

bulk 4-ATP

Hs—@—NHz

600 800 1000 1200 1400 1600 1800
Raman shift [cm™]

Normalized intensity [a.u.]

-100

[%] uoneinap Aususjur anneey

X axis [um]

Figure 3. (A) SERS, background-corrected SERS, and Raman spectra of 4-ATP. The spectra were normalized to their maximum Raman scattering
intensity for better visual comparison. (B) 200 ym X 200 zzm map of the background-corrected Raman intensity deviation to its mean value. C—S,
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and a 5X objective (NA = 0.25) with a 4 um laser diameter were used with a S ym mapping

resolution.
122 Figure S1). Next, phase-separated film is swelled in anhydrous The plasmonic slab consists of a perforated gold film at the
123 ethanol for 14 h at 40 °C to expand the depth of the base of the pillars and a dot array on top of the pillars. The
124 PEO domains from up to 5.5nm to up to 27.1 nm (Figure 1B gold dots on top of the nanopillars extend slightly over the
125 and a corresponding AFM profile line in Figure S2). silicon nanopillar base and have an average diameter of d =
126 The increased dimensions of the pores enables the 33.7 nm #+ 7.1 nm (Figure 1D and a histogram for the
127 incorporation of larger volumes of the final etch mask material diameter in Figure S7). This is advantageous since it increases
128 into the polymer domains. Adding this material is essential the surface area at the main hot spot locations. Furthermore,

because the etch selectivity of the polymer is low compared to
the substrate.”* Therefore, a freshly prepared 0.4 wt % iron
(IIT) nitrate solution in anhydrous ethanol was spun cast (30 s,
3000 rpm) on the substrate to fill the PEO pores. Organ-
ic materials were removed by a 3 h UV/ozone exposure, which
also oxidizes the iron inside the cavities.”” The fabricated iron
oxide arrays have an average dot diameter of d = 28.4 nm + 4.4
nm and a pitch of a = 42.3 nm + 3 nm (Figure 1C, histograms
137 for the diameter and pitch in Figures S3 and S4, and an AFM
138 analysis in Figure SS). A small pitch compared to the diameter
139 is favorable because it increases the pillar density and therefore
140 hot spot formation for SERS. It also results in lateral coupling
141 between the apexes of the pillars. The nanopillars are created
142 by reactive ion etching in a fluorinated plasma, where the pillar
143 height is well controlled by adjusting the etch duration (see
144 Figure S6 for SEM top-down views with different magnifica-
145 tions). To prevent cross contamination of the SERS spectra
146 due to carbon fluoride, the silicon etching is followed by an
147 oxygenated plasma cleaning step. Finally, any remaining iron
148 oxide dots are removed through a nitric acid wet etch. The
149 VCPAs are formed by depositing a 5 nm titanium adhesion
150 layer and a 35 nm plasmon active gold layer onto the
151 nanopillar template. Gold has inferior SERS enhancement
152 factors compared to silver but is stable under ambient
153 conditions and does not suffers from oxidation.”
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the small standard deviation of the gold dot diameter reduces
inhomogeneous broadening of the plasmon resonance that can
lower the SERS intensity.”* A series of angled views of the
VCPAs with different heights is shown in Figure 2.

SERS Measurements. 4-aminothiophenol (4-ATP) was
selected as a probe molecule, as the thiol group can form
covalent bonds with the gold surface. Moreover, the molecule
is already used as a SERS probe and the vibrational bands at
the finger print region have been assigned.”® A special feature
of the 4-ATP molecule is its capability to oxidize to 4,4'-
dimercaptoazobenzene during a SERS experiment.’® The
VCPAs were immersed into 1 mM 4-ATP for 12 h to self-
assemble a single monolayer onto the gold surface and were
then thoroughly rinsed with milli-Q water to remove any
excess molecules. In this study, we focused only on the C—S
bond stretching vibration coupled to the 7a(a,); benzene ring
stretching vibration mode at the ~1075 cm™ peak, as it has
similar SERS line shapes and intensities for both molecules.*®
In Figure 3A, the normalized SERS spectra and conventional
Raman signal of bulk 4-ATP is shown. The strongest peak is
from the C—S, 7a(a,); stretch vibration at ~1075 cm™. The
SERS spectra show a typical broad continuum background,
and the line shapes of the molecules are broadened compared
to the bulk 4-ATP Raman spectrum,37 which is especially
useful when using low resolution Raman spectroscopy. To
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186 demonstrate that our block copolymer-derived templates are a
187 reliable platform for SERS, a 200 gm X 200 ym map of the
188 background-corrected SERS intensity was measured. It showed
189 an average relative standard deviation of 8% (Figure 3B).
190 Further, the effect of the nanopillar height on the SERS
191 enhancement factor was investigated (Figure 4). It is assumed

x10°

Enhancement factor
[}

0
50 60 70 80 90

Pillar height [nm]

Figure 4. Experimental enhancement factor of VCPAs with different
pillar heights. The metal thickness coated on the nanopillar array
template is 40 nm.

192 that the gold surface of the VCPAs is fully covered by 4-ATP
193 molecules, and all the molecules contribute to the Raman
194 signal. The SERS enhancement drastically increases for shorter
195 pillar heights and smaller interslab gaps. Generally, the electric
196 near-field enhancement increases exponentially with a
197 decreasing plasmonic gap size.”® However, it will also shift
198 the plasmon resonance position, and a careful optimization
199 must be done to adjust the plasmon resonance to the laser
200 wavelength.”® Hence, smaller plasmonic gaps will generally
201 enhance the Raman intensity, and therefore, smaller pillar
202 heights should perform better.’®*” The strongest experimental
203 enhancement factor is calculated to be 1 X 107 for nanopillars
204 with h = 55 nm and a gap between the metal films below
205 15 nm. We note that the size of the plasmonic gaps is large
206 enough to enable the functionalization of the gold surface and

—

leave enough space to be accessible for larger macromolecules
such as proteins.”’ Furthermore, the calculated enhancement
factors are the average, assuming that all the molecules
contribute equally to the SERS intensity. If one applies an
assumption (as made in ref 19) that only a small fraction of the
total molecules that are in the plasmonic hot spots contribute
to the Raman signal, then the SERS enhancement factor can be
several magnitudes higher.9 To put this into perspective, Le Ru
et al.*' demonstrated that enhancement factors as low as 107 are
sufficient for single molecule SERS signals, whereas typical
maximum single molecule SERS experiments are performed
with enhancement factors at the order of ~10'. Hence, we
anticipate that our VCPAs should be capable of single
molecule spectroscopy.”

FDTD Simulation. To investigate the origin of the large
enhancement factor, finite difference time domain (FDTD)
simulations were performed to predict the nature of the
plasmonic hot spots. In the simplest approximation, the SERS
enhancement scales with the fourth power of the electric field
enhancement Igzpg o < E*/E,*>, where E is the electric field at
the surface of the plasmonic structure, which is normalized to
the electric field of the incident light E, At first, simple
nanopillars without gold were simulated. Figure SA shows the
cross section of the electric field enhancement. As expected,
the near-field enhancement is negligible without plasmon
resonance. Further simulations added (cumulatively) gold dots
on top of the nanopillars (see cross section in Figure SB), a
perforated gold thin film at the base of the nanopillars (Figure
5C), and VCPAs (Figure SD) at plasmon resonance. Clearly,
there is a strong near-field enhancement in between the vertical
gap of the plasmonic slabs. In Figure SE, the near-field
enhancement as a function of wavelength is shown. The
VCPAs feature larger electric field enhancements than the
respective individual perforated film and dot array, and the
plasmon resonance and near-field enhancement is also broader.

The strong enhancement of the VCPAs is attributed to
Babinet’s principle.”” Babinet’s principle states that the
transmittance (T) of a slab and its complementary counterpart

Perforated
film

0
20 0 20 |E/E.p 20 0 20 |E/E R
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(Tc) should fulfill T + T = 1. This indicates that the
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Figure 5. Cross section of the simulated electric field enhancement (A—D). (A) Silicon nanopillar with 55 nm height. (B) Gold dot array on top of
the nanopillars, (C) nanopillars perforating a thin gold film at plasmon resonance, and (D) VCPAs at plasmon resonance. (E) Electric field
enhancement as a function of wavelength for dot arrays, perforated gold film, and VCPAs. The VCPAs perform equal or better than the respective

perforated film and dot array for any wavelength between 500—1000 nm.
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array should be somewhat similar. Therefore, the plasmonic
resonance can be seen as analogous to the coupling of
nanoparticle dimers.*> Accordingly, the plasmon coupling can
be tuned by the gap size between the perforated film and dot
array*” and therefore also the electric field enhancement.

B CONCLUSIONS

In this work, we investigated the Raman enhancement of
strong vertically coupled plasmonic arrays for SERS sensors
fabricated by block copolymer lithography. These structures
demonstrate enhancement factors up to 1 X 107 with a
standard deviation of the Raman intensity of 8%. We showed
that with decreasing pillar heights and gap sizes of the
individual plasmonic slabs, the Raman intensity significantly
increases. FDTD simulations predict that the electric field
enhancement due to the VCPAs is greater than that of the
individual contributions of the perforated gold film and gold
dot array.

B MATERIALS AND METHODS

Sample Fabrication. PS-b-PEO with average molecular masses of
blocks My = 42 kg mol™" and Mpgg = 11.5 kg mol™' was purchased
from Polymer Source Inc. A 1 wt % PS-b-PEO solution was prepared
in toluene, and subsequently spin cast on a silicon substrate for 30 s at
3000 rpm. The phase separation of the block copolymer films was
performed by solvent vapor annealing in a glass jar in a toluene
atmosphere for 80 min and at 50 °C. The glass transition temperature
of the PS blocks (103 °C) is higher than the PEO crystal melting
temperature (S5 °C). Therefore, the PEO block crystallization is
confined within the PS matrix. Subsequently, the self-assembled block
copolymer films were swelled in anhydrous ethanol for 14 h at 40 °C
and then dried in a nitrogen stream. A 0.4 wt % iron (III) nitrate
solution in anhydrous ethanol was spin cast (30s, 3000 rpm) on to the
phase-separated block copolymer films. To obtain the iron oxide
nanodot etch mask, the polymer organics were removed by UV/
ozone exposure for 3 h. Reactive ion etching was performed in an
OIPT Plasmalab System100 ICP180 etcher (Oxford Instruments) on
the iron oxide dot pattern. The chamber atmosphere consisted of
CHEF;, SF¢, and O, with a 9:1:1 gas ratio and a chamber pressure of
1S mTor. The ICP power was 1200 W, and the RF RIE bias power
was 35 W. The pillar heights were controlled by etch time. Next, the
substrates were immersed for 10 min in 10% nitric acid to remove any
remaining nanodot mask. Titanium (5 nm) and gold (35 nm) films
were deposited using a Temescal FC-2000 electron beam evaporation
system with a chamber pressure of 107 mbar. The samples were at a
full meter distance from the metal source, which allowed a nearly
perpendicular metal deposition to produce a perforated metal film at
the base of the pillars and a dot array on top of the pillars with
occasionally small gold clusters hinged at the side wall. As the pitch
and the diameter of the particles are determined by the block
copolymer system the gold surface area of the VCPAs does not
significantly differ for the different pillar heights.

The sizes of the iron oxide hard mask particles and gold dots on
top of the nanopillars have been determined by a particle size
distribution analysis. The pitch has been determined by neighboring
particle distance distribution analysis. For the distribution analysis,
more than 2000 particles were considered. Subsequently, the pillar
heights were determined from 70° tilted SEM images under
consideration of the visual plane at this angle via the formula
height = % (Figure S8).

Raman Spectroscopy. SERS spectra were collected with a
XploRA Raman spectrometer equipped with a 785 nm wavelength
laser. The Raman microscope was calibrated with the 520 cm™ silicon
peak from a flat silicon surface. The power was set to 0.54 mW. A
100X objective (NA = 0.9) was used with a beam focus width of 1
pum. The integration times were S s with five accumulations for each

spectrum. Ten spectra from different spots were averaged. The
baseline correction was performed with the Matlab 2018a software
and the Msbackadj function. The enhancement factor was estimated
with following expression

_ ISERS/NSERS

IREF/NREF

where Iggrg and Iggp are the Raman intensities, and Ngggpg and Nygg
are the probed molecules for the SERS and reference measurement,
respectively. For Ngggs, all molecules self-assembled on the gold

314
318
316

surface of the VCPAs are counted with a surface packing density of 317

0.20 nm? per molecule.** The effective VCPAs surface is estimated to
be two times larger than the corresponding flat surface, which leads to
an estimate of 7.85 X 10° molecules probes. Nygp is calculated by
collecting a spectra of bulk 4-ATP with a molecular density of 1.18 g/
cm’. Assuming a laser interaction volume of ~15 ym?* and a molecular
weight of 125.189 g/mol, we calculated Npg to be 8.8 X 10'°. The
mapping data presented in Figure 3B were collected with 785 nm
wavelength and SX objective with a 4 ym laser diameter and 5 ym
resolution. Two adjacent 200 ym X 100 um (the full range of our
Piezo stage) regions were measured and subsequently merged for
further analysis.

FDTD Simulation. The electric field was simulated with the
FDTD method using the open-source software package MEEP.* The
dielectric function of gold was described by a Lorentz—Drude model
using experimental data obtained from Raki¢ et al*® A periodic
boundary was placed in all dimensions, and an artificial absorber layer
was placed parallel to the plasmonic array at the end of the simulation
cell to block transmission through the cell. The nanostructures were
placed in the middle of the simulation cell (z = 0). The plasmonic
arrays and nanopillars were hexagonally arranged (Figure S9). For
simplicity, the titanium adhesion layer was omitted from the
simulation. The electric near-field cross sections were simulated
over a broad spectrum. The maximum value was extracted for each
cross section and plotted versus the wavelength.
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