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Porous nanostructures have been enthusiastically investigated for SERS application thanks to the internal nanogaps or
protrusions acting as effective electromagnetic hotspots. In this work, we report a facile fabrication method of highly
porous metallic nanocone arrays for SERS application by integrating solvent-assisted nanoimprint lithography and selective
etching of block copolymer (PS-b-PMMA) film. By taking advantage of the solvent-assisted nanoimprint, we easily mould
the block copolymer film under atmospheric pressure and moderate temperature below the glass transition temperature
in a short time. Then, PMMA domain of patterned block copolymer film was selectively etched to make porous structures
to form dense nanogaps and protrusions. After Ag deposition, fabricated structure exhibited maximum enhancement
factor (EF) up to ~3.5 X 10°. In comparison to Ag coated “solid” nanocone arrays, the EF of “porous” nanocone arrays is
maximum ~8.9 times enhanced, which demonstrates the effectiveness of the internal nanogaps and protrusions as
plasmonic hot spots. Our fabrication method is very time-saving and cost-effective with good SERS enhancement and also

can be easily applied to conventional SERS substrates or other applications that utilize porous structures.

1. Introduction

Raman spectroscopy is one of the most powerful tools for molecule
detection or investigating the structural information of the chemicals.
However, its low sensitivity due to the extremely small probability
of the inelastic Raman scattering of light has hindered the
widespread use of Raman spectroscopy in practical applications.
Thus, Surface Enhanced Raman Scattering (SERS), a highly
enhanced Raman scattering observed from the molecules adsorbing
on the nanostructured metal surface, has been intensely studied since
its discovery in 1970s."

It has been known that there are two mechanisms of SERS;
electromagnetic (EM) and chemical mechanism. The EM
mechanism plays a major role in SERS phenomenon.? EM
mechanism explains that SERS is induced from the strong electric
field confinement as a result of localized surface plasmon resonance
(LSPR) of metal nanostructures. The SERS enhancement factor (EF)
from the EM mechanism is approximated by

EF = |E(w)[2|E(w")|?,

where E=E},./Einc (Epoc @ local electric field amplitude at the
molecule position, Ej,.: incident filed amplitude), w is the incident
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frequency, and w' is the Stokes-shifted frequency. Therefore, it is
important to increase the density of electromagnetic hot spots to
enhance the optical near field intensity. Various plasmonic
nanostructures such as periodic metal arrays,>® roughened metal
surface,® 7 nanogap®'” have been investigated for SERS substrates
for large near field enhancement.

One of the approaches to fabricate the structures with dense hot
spots is using porous nano materials such as porous silicon,'"""
anodic aluminum oxide (AAO),'* > and nanoporous metal '*!
Internal pores or protrusions on a scale of tens of nanometers excites
LSPR and thus can be strong EM hotspots. The pore size is tunable
by controlling the fabrication conditions, so that LSPR response can
be optimized with respect to the wavelength of the excitation light
source. Moreover, due to the large surface area, porous structures
can capture more target molecules than solid structures in a same
detection area.

In this work, we demonstrate facile, time-saving and cost-effective
fabrication method of porous nanostructured SERS substrate with
dense electromagnetic hot spots by integrating soft nanoimprint
lithography and selective etching of block copolymer (BCP). BCP is
widely used to make nanoporous structures because selective etching
of the microdomains of the BCP can generate nanostructures with
high porosity.?*** We use Polystyrene-b-polymethyl methacrylate
(PS-b-PMMA) BCP because PMMA domain can be selectively
etched by simple process such as UV irradiation and wet etching in
solvent, and the remaining PS domain turns into porous structure.
And we apply the imprinting of the nanocone patterns into the BCP
film to make SERS substrate with increased density of SERS hot
spots and total surface area. Instead of previously used thermal
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nanoimpint lithography,”* we use solvent-assisted nanoimprint
lithography (SAIL) to reduce the fabrication time and cost for
patterning BCP film.” % By taking advantage of a solvent which
dissolves both domain of the diblock copolymer, the BCP film could
be easily moulded under the moderate temperature (<60 C) and
atmospheric pressure in 20-30 minutes. After Ag deposition on the
porous polymer structure, we measured Raman intensity for SERS
application. By comparing SERS signals of Ag coated “porous”
nanocone and “solid” nanocone, we find internal pores and
protrusions of the porous structures play significant roles of effective
SERS hot spots.

2. Experimental

2.1 Materials

Polystyrene-b-polymethyl methacrylate (PS-b-PMMA) diblock
copolymer (Lot No.P718-SMMA, Polymer Source) with total
molecular weight Mw of 94400 (MPS=45.9k and
MPMMA=138k) and polydispersity index Mw/Mn=1.18 was
purchased and used as received. The volume fraction of PS is
0.27 and the diameter of PS ligament is about 30~40 nm (See
supplementary information Fig S2a). The diblock copolymer
was dissolved in toluene sufficiently with a concentration of
2wt %.

2.2 Fabrication of Moulds

Nanocone-shaped Si master mould was fabricated by colloidal
lithography and single-step deep reactive ion etching (SDRIE)
process following the steps of our previous work.?’ Polystyrene (PS)
nanospheres were self-assembled into hexagonally close-packed
monolayer on air-water interface and transferred onto the
hydrophilic-treated Si substrate. By using the PS nanosphere array as
an etch mask, the Si substrate was etched by RIE to fabricate a
nanocone array. Daughter mould for solvent-assisted nano-imprint
lithography ~was made from a composite of hard
poly(dimethylsiloxane) (h-PDMS) and soft PDMS (Sylgard® 184;
Dow Corning). The composite stamp can replicate the shape of the
master mould with higher accuracy compared with the soft PDMS
mould.** %

2.3 Structural and Optical characterization

For structural characterization, the morphologies of the Ag coated
nanocone (AgNC) and Ag coated porous nanocone (AgPNC) were
observed by using scanning electron microscope (SEM, JSM-7001F,
JEOL Ltd.) and a dual-beam Focused Ion Beam (FIB, FEI Nova 200
Nanolab) system combined with SEM. The total reflectance and
transmittance spectra were obtained using a spectrophotometer
(UV3600, Shimadzu Scientific Instruments) with an integrating
sphere (MPC-3100) to investigate far-field optical properties of the
samples.

2.4 SERS measurement

For Raman measurement, we used Rhodamine 6G (R6G) dye as a
probe molecule. 10 ul of 107>M R6G ethanol solution was dropped
onto the SERS substrates and dried at ambient conditions. Also, the
same amount of 10~*M R6G solution on glass was drop-casted to
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Fig. 1 The schematic of the fabrication process of porous metallic nanocone
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get reference Raman spectra. Measurement was carried out using a
Raman spectrometer (LabRam Aramis, Horriba Jovin Yvon) with a
microscope equipped with a 50X , NA 0.75 objective lens. For
excitation sources, 532 nm ND:YAG laser (0.05 mW) and 633 nm
He-Ne laser (0.17 mW) were used. Laser spot diameter can be
calculated using d = 1.22A/NA under tightly focused conditions,
which gives the diameter of 865 nm for 532 nm laser and 1030 nm
for 633 nm laser. The accumulation time for the 532 nm and 633 nm
laser excitation was 1 s and 5 s, respectively. All the Raman spectra
were baseline corrected by the software (labspec, Horriba Jovin
Yvon) with polynomial baseline fitting.

3. Results and Discussion

3.1 Fabrication process

The entire fabrication process of the porous metallic nanocone array
is schematically shown in Figure 1. To fabricate nanocone array
structure, we firstly patterned PS-b-PMMA BCP thin film via
SAIL.*® Because the solvent dissolves the resist layer, SAIL does not
require high temperature or high pressure, and total fabrication time
can be reduced. Then, PMMA domain was selective etched from
BCP nanocone to make internal porosity. First, 2 wt% PS-b-PMMA
block copolymer (BCP) solution in toluene was spin-coated on soda-
lime glass with a rotating speed of 1000 rpm and left until the
toluene is fully evaporated. Then, ~ 2 ul/cm? of acetone was
dropped to an inverse-cone-shaped h-PDMS/PDMS composite
mould. The composite mould was brought into conformal contact
with the PS-b-PMMA coated glass substrate for 5 min at room
temperature and 5 min at 60°C. Acetone is a good solvent both for
the PS and PMMA polymer, thus PS-b-PMMA film is dissolved and
conforms to the surface topology of the PDMS mould. As the
acetone evaporates through the mould, block copolymer solidifies
again and forms the cone shape. Then, PDMS mould was gently
peeled off from the imprinted nanocone pattern. To show the quality
of nanoimprint technique, scanning electron microscope (SEM)
images of Si master mould and imprinted nanocones are presented in
supplementary information, figure Slb. For selective etching of
PMMA domain, PS-b-PMMA nanocone was irradiated with an
ultraviolet lamp with a maximum intensity at 254 nm for 30 min and
dipped in a 7:3 mixture of acetic acid and water for 30 min. SEM
images of the porous nanocone structure after selective etching is
presented in supplementary information Fig S2b. Finally, 30 nm-
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Fig. 2 SEM images of the Ag coated (a) nanocone (AgNC), (b) porous
nanocone (AgPNC) array, 30°-tilt view, (c) normal images of AgPNC, (d)
cross-section images of AgNC(upper) and AgPNC(lower) obtained using FIB-
SEM with 52°-tilt view.
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Fig.3 Optical reflection and absorption spectra of flat Ag film, AgNC,
AgPNC with Ag thickness=30nm

thick Ag was evaporated on the porous cone by electron beam
evaporation with a slow evaporation rate of 0.5 A/s which enabled
the conformal coating of Ag on the polymer nanostructures.

3.2 Structure of SERS substrate

In order to demonstrate the SERS effect of the porosity in metal
structure, two types of SERS substrates were fabricated: Ag coated
nanocone (AgNC) and Ag coated porous nanocone (AgPNC). Figure
2 shows the SEM images of AgNC and AgPNC. Figure 2a and 2b
are 30°-tilt SEM views of the AgNC and AgPNC, respectively. In
AgNC, Ag was deposited uniformly on the bottom substrate but
small Ag grains were formed on the sidewall of the nanocones. The
selective wet etching step was excluded in the fabrication of AgNC
substrate, thus the final form of AgNC has no internal porosity. On
the other hand, AgPNC has lots of metal nanogaps and protrusions
produced at the vacancy of PMMA domain between the cones as
well as on the cones. During the nanoimprint, we intentionally
left the residual layer of BCP film on the substrate to make
porous layer between the cones, and thus to increase the
number of SERS hot spots. As shown in the top-view SEM
image (Fig. 2c), AgNC arrays are hexagonally arranged over the
large area (1 cm x1.5 cm). Fig. 2d shows the cross-section
images of AgNC(upper) and AgPNC(lower) obtained by FIB-
SEM. AgNC has solid cone structure with conformal Ag coating,

This journal is © The Royal Society of Chemistry 20xx
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while AgPNC has pores in the polymer with corrugated Ag coating
on the surface. An individual polymer cone of AgNC has ~ 300
nm height and ~ 260 nm base diameter. AgPNC has ~200 nm
height and ~ 280 nm base diameter. The difference in feature
sizes between AgNC and AgPNC is caused by the collapse of
nanocone structure because the residual PS domain loses the
support of the PMMA block after the selective wet etching step. '
(See supplementary information Fig. S3)

3.3 Optical properties

In order to understand far-field optical properties of the fabricated
structures, we measured reflection and absorption of the flat Ag film,
AgNC and AgPNC in wavelength range 400-900 nm by using UV-
vis-NIR  spectrophotometer (UV3600, Shimadzu Scientific
Instruments) with an integrating sphere (MPC-3100). The reflection
of AgNC decreases and absorption increases over 40% compared to
the flat Ag film in the measured spectrum range. This is due to the
antireflective and light absorptive properties of metal-coated conical
structures, induced from LSPR.3* 3 AgPNC shows lower reflection
and higher absorption values than those of AgNC because porosity-
induced nanogaps and protrusions leads to efficient LSPR excitation.
The broad size distribution of the internal nanostructures excites
resonant plasmons at various frequencies, and thus leads to
broadband light absorption.* 3 Broadband LSPR  excitation is
advantageous in real application because it allows more versatile
choice of excitation laser.>

3.4 SERS characteristics

To evaluate SERS effect, we measured Raman signal of 1075M
R6G on the flat Ag film, AgNC and AgPNC substrates, as shown in
Fig. 4. Two different lasers equipped with a Raman microscope were
used; 633 nm He-Ne laser for off-resonance excitation and 532 nm
ND:YAG laser for on-resonance excitation of R6G. On-resonant
excitation induces both SERS effect and resonance Raman effect,
while off-resonant excitation induces only SERS effect.’’

Figure 4 shows the obtained Raman spectra of R6G on the flat Ag
film, AgNC and AgPNC under 633 nm (left) and 532 nm (right)
excitations, respectively. Under 633 nm excitation (Fig 4a), the flat
Ag film shows little Raman signal distinguishable from the noise
signal. Raman signal of the AgPNC compared to that of the AgNC is
7.4 times enhanced on average for the R6G peaks at 614, 773, 1182,
1315, 1364, 1512, 1577, 1651 cm ™. Among these peaks, maximum
enhancement 8.9 times was obtained at 1315 cm~? peak. This result
suggests that internal nanogaps or protrusions in the AgPNC play
significant role for SERS enhancement. Strong Raman peaks at 809,
971 and 1284 cm™* were also found which are not related to R6G.
These peaks are from the PS-b-PMMA under the Ag layer, which
could be detected owing to large SERS enhancement.’® Under 532
nm excitation, Raman signal of the AgPNC compared to that of the
AgNC shows average enhancement 2.6 times. The maximum
enhancement 3 times was obtained at 1361cm™2. For both excitation
wavelengths, AgPNC shows higher Raman intensity compared with
the AgNC. The result indicates that internal nanogaps or protrusions
in the AgPNC bring strong near-field enhancement and SERS effect.
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Fig.4 Raman spectra of R6G 1075M on flat Ag film, AgNC, AgPNC with
excitation wavelength of (left) 633nm, (right) 532nm. Each data point
represents the averaged SERS spectra from 5 points in the same
substrate
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Table 1. Peak assignment and SERS enhancement factor

Normal Raman SERS . : Enhancement
(em™b) (em™) Vibrational Assignment Factor
612 612 C-C-C ring in plane vibration 6.4 x 10*
772 772 C-H out-of plane bending 5.27 x 10*
1180 1184 C-H in plane bending 5.82 X 10*
633nm
- 1318 1315 N-H in plane bending 7.82 x 10*
excitation
1360 1364 arom C-C stretching 7.33 X 10*
1514 1514 arom C-C stretching 5.88 X 10*
1577 N-H in plane bending
1649 1651 arom C-C stretching 3.92 x 10*
612 609 C-C-C ring in plane vibration 3.47 x 10°
772 772 C-H out-of plane bending 3.36 x 10°
5320m 1179 C-H in plane bending
- 1310 N-H in plane bending
excitation
1364 1361 arom C-C siretching 2.8 x10°
1512 1509 arom C-C stretching 1.75 x 10°
1574 N-H in plane bending
1650 1650 arom C-C stretching 1.28 x 10°

More quantitative SERS enhancement factor of AgPNC can be
obtained by the analytical enhancement factor (AEF) formula
EF = (ISERS/Iref)/(CSERS/C,ef).39 Isgrs and L5 correspond to the
Raman intensities of R6G on SERS substrate and glass, respectively.
Csgrs and Cyor denote the molar concentration of R6G in ethanol
solution on SERS substrate ( 1075M ) and glass ( 1071M ),
respectively. Calculated SERS EF of each R6G Raman band is
presented in Table 1.* We find that EF reaches up to 7.82 x 10*
and 3.47 x 10° under the 633 nm and 532 nm excitations,
respectively.

To further investigate the relation between the thickness of Ag
coating and the SERS enhancement, we varied the thickness of
deposited Ag coating with 30, 50, 70 nm for both AgNC and
AgPNC substrates. Let us focus on the AgPNC first. Figure 5 (a)~(c)
show the SEM images of AgPNCs with increasing Ag thicknesses.
As the thickness of Ag coating increases to 50 nm, internal
nanostructures in the polymer matrix are buried under the Ag coating
so that the porosity of the AgPNC seems reduced. The
corresponding Raman spectra are shown in Figure 5(d) and 5(g)
under two different excitations. In this figure, the number after
AgPNC refers to the Ag thickness in nm unit.

4| J. Name., 2012, 00, 1-3

We observe that Raman intensity of the AgPNC30 shows the
highest spectra among the 3 samples for both excitation
wavelengths. In order for more quantitative comparison, we pay
attention to the peak at 1315 cm™2, as shown in Figure 5(e) (under
633 nm excitation) and 5(h) (under 532 nm excitation). AgPNC
showed no particular thickness-dependence in the range 30 ~ 70 nm.
On the other hand, the Raman intensities of AgNC increase with
increasing Ag thickness from 30 nm to 70 nm. These observations
indicate that the internal structures such as nanogaps or protrusions
play more important roles for Raman spectra enhancement than the
effect of Ag thickness. Judging from the experimental results, the
optimal Ag film thickness on AgPNC is ~ 30 nm for generating
small nanogaps < 10 nm. Because the size of spacing between two
adjacent PS ligament before Ag coating is 20 ~ 40 nm, Ag coating
thickness above 30 nm reduces the number of metal nanogaps,
whereas thinner Ag coating makes large nanogaps > 10 nm which
have rather low E-field enhancement. The ratio of Raman intensity
between AgPNC and AgNC ( Iugpnc/lagne ) for 30 nm-thick Ag
coating reaches up to 8.9 times and 3 times under 633 nm and 532
nm excitation, respectively. For the cases of 70 nm- thick Ag
coatings, however, the Raman intensity ratio Iygpnc / lagnc
approaches to ~ 1 indicating that poorer hot spot formation for
thicker Ag coatings.

To analyze the local electric field distribution of AgNC and
AgPNC with 30nm Ag coating, we performed 2D finite-difference
time-domain (FDTD) simulation for the two structures (Lumerical
FDTD Solution 8.7.0, Lumerical Inc.,Canada). AgNC was modelled
as polystyrene (PS) rounded nanocone with 30nm Ag coating.
AgPNC was modeled as Ag coated corrugated polystyrene nanocone
and additional corrugation on the bottom substrate. From the SEM
images, we observe that the diameter of PS ligament is about 40 nm
and that of Ag coated PS ligament is about 60nm. Thus we modelled
a “unit corrugation” with a PS cylinder whose radius of curvature is
40 nm and the outer 20 nm Ag shell. On the bottom substrate, the
estimated nanogap size between the corrugations is 10 nm. The
simulation region is 500 x 2800 nm? with a 2 nm uniform mesh at
region of -250 nm < x <250 nm, 0 nm <y < 430 nm and auto
non-uniform mesh for the rest of the region.

This journal is © The Royal Society of Chemistry 20xx
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Fig.5 (a-c) SEM images of AgPNC depending on the deposited Ag thickness; (a) 30, (b) 50, (c) 70 nm. White scale bar corresponds to 500 nm. (d,g)
SERS spectra of AgPNC with three different Ag thicknesses. (e,h) Effect of Ag thickness on SERS intensity of 1315cm™* R6G peak at (e) 633 nm, (h)
532 nm excitation. (f,i)The intensity ratios of between AgPNC and AgNC at (f) 633 nm, (i) 532 nm excitation.

The boundary condition was set with periodic boundary conditions
in x-direction, and a perfectly-matched-layer boundary condition in
y-direction. The light source was plane wave propagating along the —
y direction with the polarization parallel to the x-axis. The local E-
field enhancement log|E|?, where |E| = |E/E,| (E is the amplitude
of local electric field and E is that of incident field), distribution is
shown in Fig. 6. For AgNC structure, E-field enhancement from
LSPR excitation occurs at the middle of the nanocone at 633 nm
excitation, while E-field enhancement appears at the tip and middle
of the nanocone at 532 nm. Because the LSPR hotspot is distributed

This journal is © The Royal Society of Chemistry 20xx

over the large area near the nanocone, E-field enhancement is
relatively low. On the other hand, AgPNC structure has multiple
strong electric hotspots formed at the nanogaps between the
corrugations both for the 633 nm and 532 nm excitations. In
particular, stronger hospots are located at the nanocone at 633 nm
excitation, whereras hotspots are formed at the bottom substrate at
532nm excitation.
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Fig 6. FDTD simulated electric field enhancement of (left column) AgNC and

(right column) AgPNC under 633 nm and 532 nm excitation

Regardless of the location, however, the electric field intensity on
the surface of AgPNC is always larger than that of AgNC. To sum
up the simulation result, porous nanocone has a higher density of
stronger electric hotspots compared with solid nanocone, which
allows larger SERS enhancement. We calculated theoretical SERS
EF by using EF ~ |E|* approximation and FDTD simulated |E|
intensity.*! Under 633 excitation, the maximum |E/E,| at the local
hot spot of AgPNC structure reaches up to 17.83, which gives
theoretical EF ~ 1.01 x 105. This EF value corresponds to the
experimental maximum EF = 7.82 X 10*. For the case of 532 nm
excitation, |E|* approximation is not valid because R6G probe
molecules have resonant Raman effect along with SERS effect.

4. Conclusions

In summary, we fabricated porous metallic nanocone arrays with
high density electromagnetic hotspots by templating nanoimprinted
diblock copolymer with selective etching for SERS application. We
introduced solvent-assisted nanoimprint lithography for low-cost,
time efficient patterning of block copolymer film into nanocone
arrays.

In comparison with solid nanocone, porous nanocone shows
maximum 8.9 times enhancement in Raman intensity thanks to the
strong near-field enhancement induced from LSPR at nanogaps. The
maximum SERS EF is 7.82 X 10* and 3.47 X 10° under the 633
and 532 nm excitation, respectively. By controlling the deposition
thickness of Ag coating, we found that sufficiently thin Ag coating
(~30 nm) on porous BCP template makes large number of nanogaps
and thus bring high SERS enhancement.
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