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3D Cross-Point Plasmonic Nanoarchitectures Containing
Dense and Regular Hot Spots for Surface-Enhanced Raman

Spectroscopy Analysis
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Wei-Chuan Shih, and Yeon Sik Jung*

With the increasing demand for rapid and accurate label-free
detection tools for extremely small amount of molecules, sur-
face enhanced Raman scattering (SERS) analysis has emerged
as one of the most practical techniques.'8] SERS technology
is based on the plasmon resonance on the surface of metallic
nanostructures, which focus incident light in the form of near-
field evanescent waves. Various plasmonic nanostructures
thus can amplify the probability of Raman scattering by sev-
eral orders-of-magnitude.’>7°l Previous studies reported that
some strong light-focusing nanostructures contain highly effec-
tive “hot spots” that intensify the Raman signal by a factor of
up to 10.310-13] Based on various SERS analysis techniques,
even single-molecule detection has been realized, and diverse
novel applications including in vitro and in vivo diagnosis have
also been demonstrated.>>14% One of the most effective plas-
monic nanostructures for SERS analysis is sub-10 nm narrow
gap structures, where the degree of Raman signal enhance-
ment ratio increases exponentially as the nanogap size
decreases.l?2!l However, conventional lithographic approaches
for high volume manufacturing of these nanogaps are chal-
lenging due to lack of fabrication techniques that satisfy high
throughput, low cost, and sufficient reproducibility.

Previously, Yoon and co-workers suggested an alterna-
tive strategy based on plasmonic coupling between vertically
stacked structures.?”l They positioned Au nanowires on top of
a continuous Au film, where an excitation laser is irradiated
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vertically to the plane of the metal film. Consequently, along the
linear contact region, surface plasmon resonance of Au nano-
wires is strongly coupled with surface plasmon polaritons of
the Au thin film. These results suggest that the synergic com-
bination of a nanogap and vertical stacking may open new pos-
sibilities for ultrahigh SERS signal enhancement. However, the
realization of well-controlled 3D plasmonic nanostructures is
challenging with conventional top-down lithographic methods.
On the other hand, solution-based synthesis and spreading of
metal nanoparticles or nanowires also accompany issues such
as position-dependent variation of the SERS signal and rela-
tively poor reproducibility due to the random distribution of
plasmonic nanostructures.>?3-%°] Although multilayered nano-
particle films generated by layer-by-layer particle deposition/?¥
or evaporative self-assembly®! provided better SERS signal
homogeneity, which was obtained only when the film was suffi-
ciently thick (up to even several micrometers), excessively high
packing density of nanostructures hindered effective penetra-
tion of probe molecules into hot spots.

In this sense, nanotranfer printing (nTP) may be a more
practical solution to controllably build 3D nanostructures. An
nTP technique is usually composed of several steps—prepara-
tion of nanostructured elastomeric replica, deposition of func-
tional materials, and transfer of functional nanostructures.2®!
The nanostructures can be transferred onto other substrates by
contacting the mold on the surface of the receiver substrate. To
overcome the issues of resolution limit (typically several tens of
nm) and low transfer yield of conventional nTP, we previously
developed and demonstrated that solvent-assisted nanotransfer
printing (S-nTP) can controllably generate extremely fine (down
to sub-10 nm) functional nanostructures with excellent transfer
yield (=100%). Our S-nTP technology is based on the fabrica-
tion of a high-resolution master mold using block copolymer
(BCP) self-assembly, the use of a bilayer thin film replica for
replication, and solvent-induced debonding. In particular, we
developed a gel-type elastomeric transfer medium for solvent-
assisted transfer of generated nanostructures on almost any
type of surface. The excellent uniformity of the printed nano-
structures is another advantage of nTP, as it makes it possible
to obtain highly uniform and reproducible SERS signals.

Herein, we demonstrate the realization of vertically stacked
3D cross-point plasmonic nanostructures with excellent
SERS signal intensity and uniformity over a macroscopic
area based on high-resolution nanotransfer printing. This 3D
crossbar array is analogous to recent memory device architec-
tures designed for maximizing information storage density
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and improving device performance.?”¥l For more facile and
rapid stacking of multilayer nanostructures, we developed
and applied a second-generation S-nTP technique based on a
multipurpose single-layer replica without using an additional
transfer-medium, thereby significantly simplifying the overall
nTP steps and enabling the prompt repetition of nTP for
multilayer stacking of nanowires. We report that sequentially
transfer-printed sub-20 nm nanowires can provide both an in-
plane coupling effect in the nanogap region and an out-of-cou-
pling effect at the cross-points where two nanowires are closely
stacked, achieving excellent enhancement of Raman signals
from probed molecules with an average enhancement factor
of =4.1 x 107 depending on structural and material param-
eters. Moreover, nanowires-on-film hybrid structures obtained
by sequential printing on a continuous metal film show highly
intensified SERS signals due to vertical plasmonic coupling
between the upper nanowires and the underlying film.

In most SERS analyses, SERS substrates are disposed of
after one-time analysis to avoid any contamination from pre-
vious tests. Therefore, reducing the fabrication cost is one of
the most important requirements for practical SERS substrates
while assuring sufficiently high signal enhancement ratios. As
mentioned above, we previously demonstrated a novel S-nTP
process having a resolution as low as 8 nm by employing a
high-modulus polymer thin film replica and a solvent-vapor-
assisted adhesion switching principle using a polymer gel pad
as a solvent-injection medium. However, further simplification
of S-nTP would be advantageous for more facile and rapid gen-
eration of multilayer stacks of nanowires. In the present study,
we realized the direct transfer of nanostructures from a poly-
methlymethacrylate (PMMA) replica to a receiver substrate, as
shown in Figure S1 in the Supporting Information. The key
advancement of the second-generation (2G) S-nTP is the use of
the single-layer PMMA replica (shown in Figure S2, Supporting
Information) attached on a polyimide (PI) adhesive film, which
can also serve as a high-yield transfer medium, eliminating the
need of an additional transfer medium (previously PDMS gel)
and a transfer step.

By carefully controlling the deposition parameters of metals,
different morphologies of nanostructures can be formed and
their dimensions can be controlled systematically. For example,
we present that, depending on the deposition rate, the film
thickness, and the angle between the substrate and the direction
of deposition, either continuous nanowires or discrete head-to-
tail nanorod arrays can be obtained. With a high deposition rate
(>0.1 nm s7!) and a large deposition angle (>80°), continuous
nanowires were formed, as shown in Figure la—d. However,
at a low deposition rate and a small deposition angle, discrete
“head-to-tail” nanorods with a relatively small length-to-width
ratio were generated, as depicted in Figure le-h. This is attrib-
uted to the formation of larger grains resulting from a longer
diffusion distance of adatoms during the initial stage of thin
film growth.?l Notably, the average gap distance between the
head-to-tail nanorods along the axis direction was about 5 nm,
suggesting that these small gaps act as highly effective hot spots
for significant SERS signal enhancement. The results of the sta-
tistical evaluation of the nanogap size and distribution are pro-
vided in the Supporting Information. The morphology of the
nanostructures, and the related geometrical variables depending
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on deposition parameters are also summarized in Table S1 of
the Supporting Information. We also obtained the absorption
spectra of Au nanowires and nanorods in the range of visible-
infrared (Figure 1i). Plasmonic resonance occurred at the wave-
length (A) of =580 nm for Au nanowires, and the resonance
peak was significantly broadened for Au nanorods due to the
additional rod-to-rod coupling (occurring for A ~ 600-800 nm),
which is supported by the large variations in the length of
nanorods.>¥

In order to characterize the SERS performance of the printed
2D nanostructures, the nanostructure surface was decorated
with rhodamine 6G (R6G) molecules. (SERS peak positions of
R6G are listed in Table S2, Supporting Information.) Ethanol
solution (27 pL) of R6G with a concentration of 10° m was
dropped on the Au nanowire or nanorod arrays to cover the
whole area of 1 cm?, and the Raman measurement was per-
formed after the solvent dried. Clear SERS spectra in Figure 1j
present =3 times higher signal intensity for the discrete head-
to-tail Au nanorods compared to the continuous counterpart.
By assuming the nanorods have a cylindrical shape, the por-
tion of the sub-5 nm nanogap surface region is only 6%, which
suggests that the sub-5 nm nanogap structures have =34 times
higher signal enhancement factor compared to other wider
nanogap surfaces in the 2D array.

While the SERS signal enhancement mechanism of the
monolayer Au nanostructures is related to the coupling in the
in-plane direction, the synergic combination of horizontal and
vertical coupling effects in 3D plasmonic nanostructures would
provide more significant enhancement of Raman signals. One
strong advantage of our S-nTP is that it allows rapid, repeated,
and scalable printing of high-resolution nanostructures on the
same substrate because it can be implemented regardless of the
surface topology and surface energy of the receiver substrates.
The aligned 1D nanowires and nanorods are suitable for use
as building blocks for the formation of unique 3D cross-point
nanostructures (3D-CPN) for SERS analysis because ultra-small
nanogaps are formed at the cross-points, where lower and
upper layers are closely spaced. Moreover, the empty space (i.e.,
pores) in the 3D-CPN is continuously connected, which would
allow facile penetration of solutions containing analytes.

The schematic in Figure 2a,b shows the procedure for fabri-
cating 3D-CPN through the sequential S-nTP process. The first
layer of the Au nanowire arrays is transferred onto a Si sub-
strate, and the second layer is printed on top of the first layer
with an alignment angle of 90°. Through successive printing
of the nanowire array, multistacked 3D crossed-wire nanostruc-
tures with various number of layers can be fabricated. Highly
porous 3D-stacked structures without any residual polymers
can be confirmed from the top-down and cross-section scanning
electron microscopy (SEM) images in Figure 2c. We then exam-
ined the SERS characteristics of the 3D-CPN. As depicted in
Figure 2f, the intensity of the Raman spectra of 4-ATP and R6G
linearly increased up to five layers of stacking. Importantly, for
the same total amount of R6G molecules dropped on the mul-
tilayer Au nanostructures, the resulting SERS signal increased
as the number of layers increased, suggesting much higher
signal enhancement for the multilayer structures than the 2D
array. For example, the SERS signal from the five-layer sample
was =10.8 times stronger than that from the monolayered 2D

Adv. Mater. 2016, 28, 8695-8704
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Figure 1. Controlled morphology of printed nanostructures and SERS characterization results. a) A schematic of continuous Au nanowires.
b,c) Top-down SEM images of continuous Au nanowires with a low (b) and high magnification (c). e) A schematic of printed Au nanorods with a
“head-to-tail” arrangement. f,g) Top-down SEM images of Au nanorods with a low (f) and high magnification (g). h) Cross-section SEM image of Au
nanowire. i) Visible-near infrared absorption spectra of Au nanowires and nanorods. j) SERS signals obtained from the R6G-decorated Au nanowires,

Au nanorods, and flat Au film.

arrays. The high SERS signal enhancement can be explained
by the fact that more stacking of nanostructures would provide
additional hot spots, inducing strong plasmonic coupling along
the vertical direction.?23132 However, the intensity decreased
(R6G) or remained almost constant (4-ATP) for more than five
layers. This can be explained by the finite penetration depth of the
laser beam into the 3D nanostructures. As shown in Figure 2d,
the transmittance of 3D-CPN decreases dramatically as the
number of stacking layers increases. The intensity of the inci-
dent light continuously decreases as it penetrates into the
3D-CPN. Considering the fact that the SERS signals from the
molecules should also penetrate an equal depth to escape from
the structure and to be counted by the detector, it is reasonably
understood that there is a maximum depth that the incident
light can penetrate, and from which Raman-scattered photons
can escape from the structure to be collected by the detectors.

Adv. Mater. 2016, 28, 8695-8704
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Moreover, in the case of R6G, the amount of molecules per area
decreases for “thicker” 3D-CPN because the same amount of
R6G molecules was dropped and distributed over the entire
surface area. This would decrease the effective quantity of mol-
ecules on the near-surface region, where the contribution to
the SERS signal intensity is relatively more significant. On the
other hand, the saturation of SERS intensity for 4-ATP can be
understood by the formation of uniform monolayer molecules
on the whole surface throughout the entire depth, because the
4-ATP molecules were cast on the nanostructure surface for
binding and then washed with solvent to remove unreacted
molecules.

The SERS characteristics of the 3D-CPN can be better clari-
fied by simulating the electric field (e-field) distribution across
the 3D network. Figure 3a—f depicts the simulated e-field
enhancements (excited field, E/incident field, E, = 1 > 1) for
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Figure 2. 3D cross-point plasmonic nanostructures (3D-CPN) and SERS characterization results. a) Schematic procedure for the fabrication of
3D-CPN. b) A schematic of fabricated 3D-CPN. c) top-down and cross-section SEM images of 3D-CPN with various numbers of layers. d) Transmit-
tance spectra of Au 3D-CPN with an increasing number of stacked layers. e) SERS signals obtained from R6G-decorated Au 3D-CPN. f) Relative SERS
signal intensity depending on the number of stacked layers. Relative SERS intensity of R6G and 4-ATP molecules occurring at 1650 and 1080 cm™,
respectively, was used for the analysis. g) Angle-dependency of monolayer Au nanowires and 3D-CPN. Relative SERS intensity of R6G at 1650 cm™'

was used for the analysis.

3D-CPN of different numbers of stacking layers: 1, 2, 4, 5, 8,
and 10, respectively. We note that the maximum field enhance-
ment occurs at the cross-points of the stacking layers due to
the presence of nanogaps.*3l The hot spots are regularly dis-
tributed, which ensures very repeatable SERS measurements.
Figure 3g shows the maximum e-field enhancement variation
with respect to the number of stacking layers. All the calcula-
tions are based on the finite difference time domain (FDTD)
method and for 514 nm excitation wavelength. (Simulation
results for 633 and 785 nm excitation wavelength are also

wileyonlinelibrary.com
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depicted in Figure S3, Supporting Information.) Figure 3h
presents the simulation set-up. The orthogonal nanowires are
piled up along the z-direction. The incident wave is polarized
along the x-direction and the 2D e-field monitor is placed in
the x-z plane at the cross-points of the nanowires. As shown
in Figure 3g, the maximum e-field enhancement increases
up to five layers of stacking. However, for 8 and 10 stacking
layers, the e-field enhancement is smaller than that for 5. The
maximum field enhancement is similar for 8 and 10 layers of
stacking. The irregular e-field enhancement can be attributed

Adv. Mater. 2016, 28, 8695-8704



ADVANCED
MATERIALS

'A\
M“\“‘\hﬁ,,;

www.MaterialsViews.com

5 10 N I, 4.
° 'g ' layer10
S .
wE 8 ; : .
g 8 Layer 2
ES® .
- | Layer 1
84,

2

4 6 8 10
# of Layers

Figure 3. Electric field enhancement (E/(Eo=1) = 1) for 3D CPN at 514 nm wavelength: a) layer
1, b) layer 2, c) layer 4, d) layer 5, e) layer 8, and f) layer 10. g) Maximum e-field variation with

respect to different stacking layers. h) Simulation set-up.

to the interference of waves propagating back and forth across
the stacking layers.?* The interference might be constructive or
destructive, which affects the local field enhancement across the
3D network. It may not be straightforward to directly correlate
the measured SERS intensity with the maximum field enhance-
ment ratio of a local point because the total Raman intensity is
the integrated sum of the contributions from various hot spots.
However, considering that the (experimentally measured) min-
imum number of Au nanowire layers providing the highest
SERS intensity is 5, as shown in Figure 3f, these results suggest
that the hot spots formed at the junctions between the topmost
and the second-layer nanowires play the most significant role.

The multistacking of nanowires was also advantageous in
reducing angle-dependent signal variation, introduced by struc-
tural anisotropy. Because the incident laser was uniaxially polar-
ized in the Raman measurement, the SERS intensity varies
depending on the angle between the long axis of the nanowires
and the laser polarization direction in the case of a 2D array of
nanowires. Interestingly, such angle dependency can be signifi-
cantly lowered for 3D-CPN structures, as presented in Figure 2g.
An almost identical SERS intensity was obtained for the
3D-CPN structures regardless of the angle between nanowires
and laser polarization axis.

Analogous signal enhancement through the vertical stacking
of nanostructures was also confirmed for Ag. It is well known
that the SERS signal enhancement of Ag nanostructures is
more significant than that of Au nanostructures due to the dif-
ference in the dielectric constant.”*l We fabricated silver-based
3D-CPN through the deposition of Ag on the PMMA replica.

Adv. Mater. 2016, 28, 8695-8704
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10 Approximately 100-fold enhancement of the
SERS signal intensity was observed for Ag

6.3 nanorod arrays compared to the Au counter-
part. The trace amount detection capability

4 of the printed nanostructures was also inves-
tigated. Raman spectra of R6G molecules

25 were clearly recognized at an extremely low
' concentration of 107 and 107!! M, which
1.6 corresponds to 16 and 1.6 molecules pm=2,
: respectively (Figures S4 and S5 and Table
1 S2, Supporting Information). Because fewer
than two molecules exist within the laser spot

size (=1 pm?) for the 107! m solution, nearly
single-molecule detection capability of our

Another promising structure that can
boost the vertical plasmonic coupling to
! a great extent is the combination of peri-
1 odic nanostructures and a flat film. It has
; E-field been suggested on a theoretical basis that
-Monitor the coupling between the localized surface
plasmons from an upper layer of plasmonic
nanostructures and the surface plasmon
polaritons (SPP) of an underlying metal film
enable the multiplicative intensity enhance-
ment effect.'”!1 While uniform formation of
this structure on a macroscopic area is chal-
lenging with conventional top-down litho-
graphy methods and solution-based casting
of nanoparticles, S-nTP can also generate
such hybrid structures with an excellent degree of alignment
in a simple and rapid manner. As schematically shown in
Figure 4a, nanowires and nanorods could be directly printed on
flat Au or Ag films. The SERS characteristics of the nanorod-
on-film hybrid structures were evaluated after dropping a
10° M R6G solution. Interestingly, the intensity of the SERS
signals obtained from single-layer Ag nanorods on an Ag film
was even higher than that of a two-layer cross-point Ag nanorod
structure on a Si substrate and comparable with that of four-
layer 3D-CPN (Figure 4b). These results suggest that the light
focusing effect due to the vertical coupling between LSPR and
SPP can be more significant than that occurring from the ver-
tical LSPR coupling between nanostructures.

Furthermore, when one more layer was transfer-printed
onto the structure (i.e., two-layer cross-point Ag nanorods on
Ag film), the signal intensity was further enhanced, which can
be understood from the additional coupling effect from the
crossed points. However, interestingly, when more layers were
stacked, the measured SERS spectra were significantly weak-
ened. As shown in Figure 4b and Table S3 of the Supporting
Information, the two-layer Ag nanorod array on the Ag film
showed the highest SERS signal intensity. The SERS intensity
of four-layer 3D-CPN on the Ag film was almost analogous to
that formed on the Si substrate (Table S3, Supporting Infor-
mation). The total SERS intensity was not meaningfully influ-
enced by the existence of the bottom metal film in the case of
the thicker 3D-CPN, also confirming the limited penetration
depth of the laser beam into the 3D nanostructures. The two-
layer CPN on the Ag film showed reasonable areal uniformity.

. Y, printed Ag nanostructures was confirmed.
| "
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Figure 4. Nanostructure-on-film hybrid SERS structures and SERS characterization results. a) Schematic describing multilayered Ag nanorods (3D-

CPN) on Ag film. b) SERS signals obtained from R6G-decorated hybrid
c) Large-area uniformity of hybrid SERS nanostructures coated with 4-ATP

nanostructures, nanorods, and flat metal film. (Laser power: 0.31 mW.)
molecules. Relative standard deviation (RSD) values were calculated from

30 random spots within the total area of 1.5 x 1.5 cm?. d) Long-term stability test of the hybrid SERS structures: The SERS signal of R6G-decorated

hybrid structures was obtained immediately after device fabrication and aft

er keeping the sample in ambient conditions for three weeks. e) Schematic

procedure for the fabrication of graphene-Au nanowire hybrid SERS structures. f) SERS signals of R6G molecules obtained from graphene/Au nano-

wires and monolayer Au nanowires alone.

The relative standard deviation (RSD) of the SERS signal inten-
sity from 30 random spots of the hybrid SERS substrate was
about 7.2%-8.2% for 4-ATP and 8.2%-9.8% for R6G molecules,
respectively. (Figures 4c and Figure S9, Supporting Informa-
tion). The sample-to-sample variation in SERS signal intensity
was also less than 9%, as demonstrated in Figure S10 of the
Supporting Information. The long-term signal stability of the
hybrid structure was also evaluated. As depicted in Figure 4d,
the Ag-based hybrid structure showed almost invariant SERS
spectra even after storage in ambient conditions for three
weeks. As previous research suggests,*® controlling the
side-wall profile of the component nanowires in the 3D-CPN

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to further improve its enhancement factor remains promising
future research.

We quantitatively evaluated average enhancement factors
(AEFs) of the cross-point plasmonic nanostructures. AEF values
quantitatively indicate the degree of Raman signal enhancement
and thus are related to the detection limit of SERS measurement.
For the experimental determination of the AEF, we compared
the SERS signals from the 3D nanostructures with those of ordi-
nary Raman signals of probe molecules. To obtain the Raman
signals as a reference, R6G was solution-cast on a Si substrate to
form a R6G film (Figure S11, Supporting Information).’”) The
AEF can then be estimated using the following equation(!?!

Adv. Mater. 2016, 28, 8695-8704
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AEF = (Igggs X NFi.lm)/(INormal X NSERS) (1)

where Isgrs, Nsgrs, Inorman and Ny, represent the intensity of
the SERS signal, the intensity of the Raman signal, the number
of molecules on the SERS substrate, and the number of mole-
cules of the R6G film on the Si wafer, respectively. Details of the
AEF evaluation process can be found in the Supporting Infor-
mation. The AEF values showed a large variation depending on
the various 2D or 3D geometries of the nanostructures. An AEF
of 5.2 x 10* was obtained from a monolayer 2D Au nanowire
array, while the monolayer Ag head-to-tail nanorods showed
an AEF of 1.7 x 10°. When the nanostructures were vertically
stacked up to four layers, the AEF increased to 4.9 x 10* and
1.5 x 107 for Au nanowires and Ag nanorods, respectively.
Importantly, the maximum AEF of 4.1 x 107, which allows
single-molecule detection,'¥ was obtained for two-layer Ag
nanorods on a continuous Ag film. This is comparable with the
highest AEF values reported thus far.'>3*2 The unique advan-
tage of our approach is the alignment of such hot spots with
high density and regularity, even in 3D. Moreover, the degree
of signal enhancement and the uniformity of our printed SERS
substrate were superior to a commercially available SERS sub-
strate (Figures S12 and S13, Supporting Information).

Recently, significant Raman enhancement through the
combination of 2D materials and plasmonic metallic nano-
structures has been reported.*3* In addition to strong light
focusing by plasmonic nanostructures, charge transfer from 2D
materials additionally enhances Raman signals. For example,
nanostructure-graphene hybrid materials can greatly enhance
the Raman signal.**~#%l Our S-nTP is highly useful in the fab-
rication of such hybrid nanostructures. As an example, an Au-
nanowire/graphene hybrid structure was fabricated through
one-step printing of plasmonic Au nanowires on few-layer gra-
phene. As shown in Figure 4e.f, the graphene-nanowire hybrid
structure showed 11-fold enhanced Raman intensity relative to
the 2D nanowire array without graphene.'>*5% From these
results, we expect that S-nTP can potentially realize more com-
plex 3D sensing nanostructures by combining various building
blocks with specific binding properties and signal-enhance-
ment capabilities.

SERS analysis can provide rapid and label-free identifica-
tion as well as quantification of diverse molecules and can be
highly useful in biosensing for diagnosis and healthcare moni-
toring.’1>2] In particular, the real-time SERS monitoring of the
glucose level in blood has been successfully demonstrated.>3->°!
Although a high fasting glucose level in blood is a sign of dia-
betes, due to the inconvenience and infection risk of blood
tests, noninvasive and in situ monitoring of glucose levels in
humans or animals has been extensively attempted.>®-8 It
should be noted that glucose is present not only in the blood
but also in tears,? and thus accurate monitoring of the glucose
level in human tears by employing contact-lens-type sensor can
be an alternative approach for noninvasive glucose monitoring.

We demonstrate the versatility of our S-nTP for unconven-
tional application of SERS by demonstrating a “SERS contact
lens”, which can potentially enable in situ detection of glucose
levels in tears. Our S-nTP can generate highly uniform SERS
structures even on a contact lens having a curved surface. The
SERS lens was simply fabricated by printing Ag nanorods on
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commercially available contact lenses, as schematically shown in
Figure 5a. A monolayered nanorod array with an AEF 1.6 x 10°
was used for the detection of aqueous glucose in the concentra-
tion range from 107! to 107* m. The fabricated SERS lens was
incubated in a 1 x 1073 m ethanol solution of decanethiol (DT) to
form a uniform self-assembled monolayer of DT, which could act
as a partition layer during in situ glucose analysis. Figure 5b
shows a photograph of the fabricated SERS contact lens. We
also printed Ag nanostructures on a soft contact lens made
of hydrogel (Figure 5c). To demonstrate its glucose detection
function, we mounted the SERS lens on an artificial glass eye
(Figure 5d), and released one drop of 1 x 1073 M aqueous glucose
solution (which corresponds to the glucose level in the tears of
diabetes patients).’ The graph in Figure 5e shows the obtained
SERS signal before and after dropping the glucose solution. The
signature Raman peaks including those at 1368 and 1465 cm™!
of glucose molecules were clearly detected. The detection capa-
bility of glucose with various concentrations in a range from
0.1 x 1073 to 10 x 107 m is presented in Figure S14 of the Sup-
porting Information. However, the statistical quantification was
not successful due to the significant overlap of the main SERS
peaks of glucose with those of the 1-DT monolayer (at 1129,
1430, and 1451 cm™). We expect that the adoption of other
SAMs which have a higher binding affinity with glucose can
enhance the reliability of glucose detection.”®l Alternatively, an
indirect detection method using a Raman-active self-assembled
monolayer (SAM), whose SERS intensity systematically changes
as it binds with glucose, can provide more reliable and system-
atic data for the quantitative detection of glucose.*”) For practical
applications of the SERS contact lens, demonstrating the appli-
cability of retina-safe laser excitation and providing a proper
guidance also remain important tasks.®!! In addition to the
SERS contact lens presented in this study, the versatile printing
capability of our S-nTP applicable on diverse surfaces would be
able to realize unique SERS platforms that can provide superior
convenience and accuracy of measurement.

In summary, we have demonstrated highly SERS-active and
uniform 3D cross-point plasmonic nanostructures over a large
area based on solvent-assisted high-resolution nanotransfer
printing. We employed nanoscale block copolymer patterns as
master templates, and fabricated uniformly arranged 3D plas-
monic nanostructures through pattern replication, deposition of
materials, and solvent-assisted transfer printing. In particular,
the sequential implementation of this ultrahigh-resolution
nanotransfer printing realized fast and high-yield construction
of 3D-stacked structures, where high-density crossed points
serve as hot spots for huge SERS signal enhancement. More-
over, unconventional hybrid nanostructures such as nanowire-
on-film and nanowire-on-graphene structures can also be con-
trollably generated for significant SERS signal enhancement.
We successfully demonstrated a high-performance, uniform,
and low-cost SERS substrate with an average enhancement
factor of up to 4.1 x 10’. Moreover, S-nTP enabled the fab-
rication of a SERS contact lens that can detect glucose in an
aqueous solution. These promising results suggest that S-nTP
can be extensively utilized for various nanoscale sensing plat-
forms where registration of high-resolution nanostructures is
necessary and the application of conventional lithography tech-
niques is challenging.
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Figure 5. Fabrication of SERS contact lens and demonstration of glucose detection. a) Schematic procedure for the fabrication of SERS contact lens
via transfer printing. b,c) Optical images of hard lens (b) and soft lens (c) with printed Ag nanorods. d) Measurement set-up for the SERS signal of
glucose. e) Comparison of SERS spectra before and after dropping glucose solution, showing the successful detection of glucose.

Experimental Section

Fabrication of Sub-20 nm Master Template: PS-b-PDMS BCPs with
M.W. of 48 kg mol™', which form 25 nm wide lines, were purchased
from Polymer Source Inc. (Canada) and used without purification.
The BCPs were dissolved in a mixed solvent of toluene, heptane, and
PGMEA (1:1:1 by volume), yielding a 0.8 wt% polymer solution. Surface-
patterned Si substrates with a width of 1 pm, a depth of 40 nm, and a
period of 1.25 pm were used as guiding templates. The substrate was
treated with a PDMS brush (5 kg mol™', Polymer Source Inc.) at 150 °C
using a vacuum oven. A solution of BCP was spin-cast onto the template
and was annealed for 12 h in the chamber at RT using toluene vapor. In
order to remove the top-segregated PDMS layer and organic block (PS),
the samples were etched by CF, plasma (etching time = 20 s, gas flow
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rate = 30 sccm, working pressure = 15 mTorr, and plasma source power
=50 W) followed by O, plasma (etching time = 30 s, gas flow rate =
30 sccm, working pressure =15 mTorr, and plasma source power = 60 W).

Formation of Plasmonic Nanostructures Via Solvent-Assisted Nanotransfer
Printing: Prior to the replication, the surface of the master mold was
treated with a PDMS brush (Polymer Source Inc.). PMMA (M.W. =
100 kg mol™") was purchased from Sigma-Aldrich Inc. and was dissolved
in a mixed solvent of toluene, acetone, and haptane (4.5:4.5:1 by volume)
to yield 4 wt% solutions. The solution was spin-casted onto the master
mold with a spin speed of 4000 rpm. A polyimide adhesive film (3M Inc.)
was then attached onto the surface of the polymer replica. By removing
the adhesive film from the mold, the replica with an inverted image
of the surface topography of the master mold was detached from the
mold. Plasmonic nanostructures were formed through glancing-angle
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deposition of Au (or Ag) onto the polymer replica using a thermal
evaporator. The deposition angle from the substrate surface normal was
modulated and optimized between 60° and 80°. Acetone/heptane vapor
was applied to the polymer replica film by placing the replica/adhesive
film into a solvent saturated chamber that was preheated to 45 °C. After
30 s, the adhesive film was removed from the chamber and brought into
contact with the Si substrate. Mild pressure was applied for uniform
contact between the nanowire/replica/adhesive film and the substrate.
The adhesive film was selectively detached from the substrate while the
nanostructure/replica remained on the receiver substrate. Uniformly
arranged nanowires on the Si substrate can then be obtained by washing
away the polymer replica film using acetone or toluene.

Raman Measurement: Rhodamine 6G (R6G) and 4-ATP were
purchased from Sigma-Aldrich. Inc. and dissolved in ethanol to prepare
a solution with a concentration of 10 to 10" m. Samples for SERS
characterization were prepared by dipping the nanowire-printed
substrate in the 4-ATP solution followed by washing using ethanol. R6G
solution was drop-cast on the plasmonic nanostructures and was dried.
The Raman scattering signal was collected for 1-30 s using a dispersive
Raman microscope (ARAMIS, Horiba) equipped with a 514 nm Ar-ion
laser. Additional details of the experimental conditions used in the
Raman measurement are described in the Supporting Information. For
the observation and analysis of the samples, a field emission scanning
electron microscope (FE-SEM, Hitachi S-4800) with an acceleration
voltage of 15 kV and a working distance of 5 mm was used.

Finite-Difference Time-Domain (FDTD) Simulation: The 3D FDTD
simulations were done for six different numbers of stacking layers
of the nanowires: 1, 2, 4, 5, 8, and 10. The simulation domain varied
from 98.2 nm x 98.2 nm x 3528 nm to 98.2 nm x 98.2 nm x 4272 nm
depending on the number of layers. Each layer contained two nanowires
and the length was extended along the x or y-direction. The periodicity
and infinite extent of the nanowires were realized by periodic boundary
conditions (PBCs) on the x- and y-directions. Perfectly matched layers
(PMLs) were used on the z-axis boundaries, which caused a larger
z-simulation domain to avoid energy absorption of the evanescent
field from the nanowires. The nanowires were placed on a Si substrate
(200 nm x 200 nm x 2000 nm) and illuminated by a plane wave
source (e-field amplitude is 1) shone from the air side toward the
substrate direction (z-axis). The polarization of the incident wave was
along the width (x-direction) of the first nanowire layer. The e-field
distribution was recorded by placing a monitor in the x-z plane at the
cross-points of the orthogonal stacking layers. The effect of staircase
approximation was addressed by reducing the mesh size around the
nanowires to 0.5 nm x 0.5 nm x 0.1 nm. The reduced mesh size region
varied from 130 nm x 130 nm x 128 nm to 130 nm X 130 nm X 372 nm
depending on the number of stacking layers. Both the source and e-field
monitor were placed inside the reduced mesh size region to obtain high
resolution data points. The simulation times ranged from 5 to 48 h and
the total memory occupancy ranged from 4 to 24 GB, with increasing
time and memory according to a larger number of stacking layers. The
simulations were performed on a computer with eight-core calculation
nodes, each carrying 4 GB memory.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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