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a  b  s  t  r  a  c  t

Surface-enhanced  Raman  spectroscopy  (SERS)  based  on  metallic  nanoparticles  has  suffered  from poor
reproducibility  and line  broadening  of  SERS  signals.  To  overcome  these  problems,  we newly  propose
the  SERS  substrate  incorporating  periodic  hybrid  nanopillar  arrays  combined  with  gold  nanorods  on
a  flat  gold  surface.  Low  reproducibility  caused  by inhomogeneously  distributed  and  aggregated  gold
nanoparticles  could  be  improved  by  employing  periodic  nanopillar  arrays.  In  addition,  we  experimentally
found  that  the  hybrid  nanopillar,  in  which  a dielectric  layer  is sandwiched  between  a flat  gold  film  and
eywords:
ERS
ybrid nanopillar array
etero-aggregation
ignal amplification

a  gold  nanopillar,  can  reduce  line  broadening  of SERS  signals  significantly.  In this  study,  the  proposed
SERS  substrate  has  the  potential  to provide  SERS  signals  with  higher  reproducibility  and  smaller  line
broadening  for  high-sensitivity  detection  of  target  molecules.

©  2017  Elsevier  B.V.  All  rights  reserved.
ine broadening

. Introduction

Since the experimental observation of Raman scattering effect
n 1928 [1], Raman spectroscopy has been widely used as a molec-
lar analytical tool in the fields such as chemistry [2,3], biology
4,5], medicine [6,7], forensic science [8] and arts [9,10]. Raman
pectroscopy is specialized in non-invasive and non-destructive
etection and selective quantification of target materials because
aman scattering signals can provide distinctive spectral patterns
ccording to target materials for molecular identification [11]. It
s also worth noticing that Raman spectroscopy is well suited to
nalysis of aqueous samples since water is a very weak Raman

catterer and typically the peak intensity from a solute is much
tronger than those from water, even whpplications have been lim-
ted due to very weak signal intensity. In addition, as weak Raman

∗ Corresponding authors.
E-mail addresses: kmbyun@khu.ac.kr (K.M. Byun), sylee01@khu.ac.kr (S.Y. Lee).

1 Authors equally contribute to the research work as 1st author.

ttps://doi.org/10.1016/j.snb.2017.11.065
925-4005/© 2017 Elsevier B.V. All rights reserved.
signals are often overwhelmed by fluorescence background sig-
nal, many researchers have investigated surface-enhanced Raman
spectroscopy (SERS) for the amplification of Raman signal intensity
by utilizing localized surface plasmon resonance (LSPR) phenom-
ena. It has been reported that extremely high enhancement could
be achieved by employing various metallic nanostructures. Grand
et al. found that the amplification of Raman signal intensity strongly
depends on the size and shape of metallic nanoparticles because
these factors influence the ratio of absorption and scattering events
[13]. However, it is still challenging to ensure the spatial repro-
ducibility of SERS signals by fabricating metallic nanoparticles in
a controlled manner onto SERS substrates. Spatially non-uniform
amplification caused by inhomogeneous distribution of metallic
nanoparticles onto SERS substrates can lead to large fluctuations
in SERS signals from the SERS substrates, resulting in poor repro-
ducibility of the SERS signals. Also, the detection performance

of SERS substrates is often degraded by line broadening of SERS
signals, which is attributed to surface complexation of target
molecules [14] and/or strong plasmonic field distribution.

https://doi.org/10.1016/j.snb.2017.11.065
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Fig. 1. Fabrication processes for periodic hybrid nanopillar arrays using UV-NIL; (a) deposition of titanium and gold film layers on NSF10 glass, (b) spin-coating of PMMA
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nd  imprint resin layers, (c) imprinting of a hole-array pattern by the PUA mold, (d)
f)  lift-off of the residual PMMA  and imprint resin layers.

In this study, we propose the SERS substrate incorporating peri-
dic dielectric/gold hybrid nanopillar arrays combined with gold
anorods on a flat gold film. Thin gold layer is employed to facilitate

 surface-limited binding event. The dielectric layer of magne-
ium fluoride (MgF2) in the hybrid nanopillar arrays is introduced
o prevent direct interactions between the hybrid nanopillar and
he gold nanorods, thereby improving line broadening of SERS
ignals. The proposed SERS substrate can provide the hetero-
ggregation of periodic hybrid nanopillar arrays and gold nanorods,
hich is intended to obtain the SERS signals with improved repro-
ucibility and peak detection. To investigate the influence of the
etero-aggregation on the quality of SERS signals, we  perform the
xperiments for the three types of SERS substrate; i) only gold
anorods, ii) combination of periodic gold nanopillar arrays and
old nanorods, and iii) combination of periodic MgF2/gold hybrid
anopillar arrays and gold nanorods. Also, the amplification ratios
f each SERS substrate are numerically investigated and compared
ith experimental results.

. Materials and methods

.1. Fabrication of SERS substrate

Fig. 1 shows the fabrication processes for periodic hybrid
anopillar arrays. First of all, an NSF10 glass was prepared through
he following procedures. The glass was cleaned using isopropyl
lcohol for 10 min, rinsed with deionized water for 10 min, and
ried with nitrogen gas. 5-nm thick titanium and 45-nm thick gold

ayers were sequentially deposited on the glass using an electron-
eam evaporator (UEE, Ultech). The titanium layer was  used to

mprove adhesion between the glass and the gold layer. A 350-nm
hick polymethyl methacrylate (PMMA) layer was  spin-coated on
he gold layer at 1000 rpm for 2 min  and cured on a hot plate at
70◦C for 5 min. Then, a 200-nm thick UV-curable resin layer (NIP-
C28LV400, ChemOptics) was spin-coated on the PMMA  layer at
000 rpm for 1 min. The polyurethane acrylate (PUA) mold, repli-

ated from a silicon master with a 320-nm diameter hole-array
attern (period = 530 nm), was used for imprinting a periodic hole-
rray pattern on the resin layer. Before imprinting the resin layer
sing nanoimprint lithography (NIL), trichlorosilane (97%, Sigma-
g of the PMMA  layer, (e) fabrication of the MgF2/gold hybrid nanopillar arrays, and

Aldrich) which prevents adhesion between the resin layer and the
PUA mold was coated on the PUA mold in advance [15]. The PUA
mold was then pressed onto the resin layer by a nanoimprinter
(NIL-8 imprinter, Obducat) at 2 MPa  for 3 min. The imprint resin
layer was  exposed to UV light for 2 min  for curing of the imprint
resin layer by a photochemical reaction. After the imprinting by
NIL, residues on the resin layer were removed by a plasma asher
(ALA-0601E, AMS) for pattern transfer onto the PMMA  layer. Using
O2 reactive ion etching (RIE) (Versaline, Plasma-Therm), the PMMA
layer was etched. MgF2 and gold were then deposited on the sur-
face as dielectric and metallic layers of hybrid nanopillar arrays. For
the MgF2/gold hybrid nanopillar arrays, 10-nm thick titanium, 50-
nm thick MgF2, 10-nm thick titanium, and 50-nm thick gold were
deposited in series. On the other hand, for gold nanopillar arrays,
10-nm thick titanium and 50-nm thick gold were deposited. As the
final step of the processes, the residual PMMA  and imprint resin
layers were dissolved in an acetone solution by a lift-off process.
The coefficient of variation (CV) for the nanopillar size was  mea-
sured to be less than 5%, implying that the nanopillar arrays were
realized with a great uniformity. The total effective pattern area
was approximately 15 × 15 mm2.

2.2. Attachment of gold nanorods

To realize the hetero-aggregation of periodic nanopillar arrays
and gold nanorods, the fabricated substrates were first immersed
in 1 mM 2-aminoethanethiol solution for 12 h for chemical reaction
between the gold surface and biotins. Then, 340 �M NHS-PEG4-
biotin (PN 21329, Thermo Scientific) in a phosphate buffered saline
(PBS) solution (pH 7.4) was  dropped onto the surface of the fab-
ricated substrates and kept for 2 h. For the hetero-aggregation,
streptavidin-conjugated gold nanorods were dropped onto the sur-
face of the fabricated SERS substrates. Due to the strong affinity

between biotin and streptavidin, the nanorods were bound to the
surface of the fabricated substrates. The morphological structure of
SERS substrates was characterized using a field emission scanning
electron microscope (FE-SEM) (Leo Supra 55, Carl Zeiss) at 10 kV.
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Fig. 2. Schematic of the confocal Raman microscope system.

.3. SERS measurement

To investigate the characteristics of the three types of SERS sub-
trate, 0.1 mM rhodamine 6G (R6G) was used as a target material.
he R6G solution was dropped onto the each SERS substrate surface
nd kept for 1 h, and then the each surface was cleaned with ethanol
nd deionized water for 10 min  to remove the unfixed target mate-
ial. SERS signals of R6G were obtained using a confocal Raman
icroscope system with an excitation source of 633 nm (32413,
esearch Electro-Optics, Inc., maximum output power = 35 mW)
s shown in Fig. 2. The laser spot size on the SERS substrate sur-
ace was about 1 �m (Note that the diameter and array period of
he nanopillar were 320 nm and 530 nm,  respectively). The sig-

ig. 3. Schemes and FE-SEM images of the three types of SERS substrate; (a,d) only gold
old  nanorods (substrate #2), (c,f) combination of periodic MgF2/gold hybrid nanopillar a
ators B 258 (2018) 18–24

nals backscattered from the SERS substrate were collected and
detected by a 50 × objective lens (NA = 0.75) and a monochroma-
tor/spectrograph (MS5004i, Solar TII) with a cooled deep-depletion
CCD camera (DU920P-BR-DD, Andor Technology). Each SERS sub-
strate was measured 5 times at different positions in the spectral
range of 700–1700 cm−1 with the resolution of 0.7 cm−1 and the
acquisition time of 10 s. The instrument noise signals were simply
subtracted from the raw SERS signals and then, the Savitzky-Golay
smoothing [16] and improved polynomial baseline correction [17]
were carried out sequentially.

3. Results and discussion

Fig. 3 shows FE-SEM images of the three types of SERS sub-
strate. Randomly distributed gold nanorods were formed in the
substrate #1 on a flat gold film. Because structural reproducibility
and stability of SERS substrate are strongly associated with suc-
cessful SERS detection, the acquisition quality of SERS signal by
the substrate #1 is predicted to be relatively low due to spatial
non-uniformity and uncontrollable aggregation [18–20]. On the
contrary, the substrate #2 and #3 show the hetero-aggregation
of periodic nanopillar arrays and gold nanorods, forming a quasi-
periodic distribution. This phenomenon is found in a mixture of
two or more types of nanostructure. The hetero-aggregation can be
attributed to the different size between the nanopillar and the gold
nanorod which induces temporary dipoles by van der Waals forces
[21], thereby resulting in attraction between the nanopillar and the
gold nanorod. The hetero-aggregated nanostructures are expected
to provide not only amplification of Raman signal intensity but also
spatially high reproducibility in SERS detection.

Fig. 4 shows the SERS signals of R6G obtained from the
three types of SERS substrate. All SERS signals included Raman
peaks of R6G molecule; C H out-of-plane bend mode at around
771 cm−1, C H in-plane bend mode at around 1186 cm−1, C C and
C N stretching mode at around 1311 cm−1 and 1362 cm−1, aro-
matic C C stretching mode at around 1510 cm−1, 1586 cm−1, and
1651 cm−1 [22–24]. The average SERS signal amplification ratios of
the substrate #2 and #3 to that of the substrate #1 were obtained to

be 4.56 ± 0.99 and 3.46 ± 0.88, respectively, using individual ampli-
fication ratio values of seven primary Raman peaks of R6G. These
results indicate that the combination of periodic nanopillar arrays
and gold nanorods effectively amplifies the Raman signal inten-

 nanorods (substrate #1), (b,e) combination of periodic gold nanopillar arrays and
rrays and gold nanorods (substrate #3).
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Fig. 4. SERS signals of R6G at each SERS substrate.

ity. The amplification level of SERS signal is typically determined
y the density, size, and shape of metal nanostructures, but can also
e determined by the interactions among target materials, metal-

ic surfaces, and microenvironment [25]. For the substrates #2 and
3, the interactions among R6G, the flat gold film, gold nanorods,
nd nanopillars appear to be dominant for the amplification of
aman signal intensity. However, especially for the substrate #3,
he interactions between the gold nanorods and the nanopillars are
revented by the dielectric layer of MgF2 so that the amplification

s slightly decreased when compared with the substrate #2.
Near-field simulations using finite-difference time-domain

FDTD) method were performed in order to investigate the elec-
romagnetic field distribution near the surface of the three types of
ERS substrate. The computation results in Fig. 5 show that strong
lectromagnetic field occurs at the corners of the nanopillar. For
he gold nanopillar of Fig. 5b, great enhancement of electromag-
etic field is found between gold nanopillar and gold nanorods,
hile it is not observed for the hybrid nanopillar due to the pres-

nce of dielectric layer, as shown in Fig. 5c. When the summation
f electromagnetic field amplitude over the surface was calculated,
he maximum of 1166 was obtained at the SERS substrate #2. On
he other hand, the summation values were determined as 313 and
076 for the SERS substrate #1 and #3, respectively. When it is
ssumed that R6G was homogeneously distributed on the substrate
urface, we can predict that the SERS signal is the strongest at the
ubstrate #2 because the amplification of Raman signal is corre-
ated to field-matter interaction, which is consistent with the trend
f experimental results in Fig. 4.
The min-max normalized SERS signals were used to evalu-
te the signal quality in SERS detection [26]. Line broadening of
ERS signals can be attributed to surface complexation of target

ig. 5. Simulation results about the electromagnetic field distribution at each SERS subs
ERS  substrate is (a) 313 for the substrate #1, (b) 1166 for the substrate #2, and (c) 1076 
Fig. 6. Line broadening of the Raman peaks at around 1586 cm−1 and 1651 cm−1.

molecules [14] and/or strong plasmonic field distribution. In this
study, because it is likely that R6G was almost uniformly distributed
on the SERS substrates, it is expected that the strong plasmonic
field distribution rather than surface complexation of R6G would
be dominant for the line broadening of SERS signals. As shown in
Fig. 6, substantial line broadening of Raman peaks is observed at
around 1586 cm−1 and 1651 cm−1 and even the two  Raman peaks
are overlapped for the substrate #2. This overlap can be removed
by adding the dielectric layer of MgF2 between the flat gold film
and the gold nanopillar. In the case of the substrate #2, the plas-
monic field enhancement can occur by the interactions among flat
gold film, gold nanorod, and gold nanopillar. On the other hand,
for the substrate #3, only interaction between gold film and gold
nanorod occurs because the added dielectric layer disrupts an inter-
action between the gold nanorod and the gold nanopillar. While
plasmonic field enhancement is decreased compared with the case
of the substrate #2, it may  lead to an improvement of the line
broadening for the substrate #3. As a result, we can reduce the
line broadening due to the strong plasmonic field distribution by
presenting the dielectric layer between gold film and gold nanopil-
lar.

To analyze the spatial reproducibility of SERS signals according
to the type of SERS substrate, relative standard deviation (RSD) and
margin of error (MOE) for the seven primary Raman peaks of R6G
were calculated and compared using the normalized SERS signals.
Fig. 7a shows the normalized and averaged SERS signals of R6G for
the three types of SERS substrate. Each SERS signal represents the
from 5 SERS signals measured at different positions for each SERS
substrate. In Fig. 7a, it is instinctively found that the standard devia-
tions of SERS signals of the substrate #2 and #3 are smaller than that

trate; the summation of electromagnetic field amplitude over the surface of each
for the substrate #3.
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Fig. 7. (a) Normalized and averaged SERS signals of R6G (line: average, filled area: standard deviation) and (b) relative standard deviation (RSD) and (c) margin of error for
the  seven primary Raman peaks of R6G (771 cm−1, 1186 cm−1, 1311 cm−1, 1362 cm−1, 1510 cm−1, 1586 cm−1, and 1651 cm−1) for each SERS substrate.
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f the substrate #1, which implies that the spatial reproducibility
f SERS signals is improved. Better reproducibility in the substrates
2 and #3 is attributed to the quasi-periodic distribution by the
eriodic nanopillar arrays and gold nanorods because spatial uni-
ormity and controllable distribution of nanostructures are strongly
ssociated with the stable and steady amplification of Raman sig-
al intensity. In order to quantitatively present the results of the

mproved reproducibility, the RSD and MOE  values of each SERS
ubstrate were plotted in Fig. 7b and c, respectively, for the seven
rimary Raman peaks of R6G (771 cm−1, 1186 cm−1, 1311 cm−1,
362 cm−1, 1510 cm−1, 1586 cm−1, and 1651 cm−1). When com-
ared with the RSD of substrate #1, while the RSD of substrate #3
as decreased at all Raman peaks of R6G, it was not consistent for

he RSD of substrate #2. Note that an increased RSD was found at
he peaks of 1311 cm−1 and 1651 cm−1 of substrate #2. The MOE
ata in Fig. 7c were highly consistent with the results of RSD. Espe-
ially, the incremental trend of RSD and MOE  of substrate #2 at
651 cm−1 is attributed to the disappearance of the Raman peak by
he overlap of the peaks at 1586 cm−1 and 1651 cm−1. These results
mply that line broadening is highly associated with the repro-
ucibility in SERS detection. The SERS substrate #3 that can provide
he quasi-periodic distribution and hetero-aggregation of periodic

gF2/gold hybrid nanopillar arrays and gold nanorods showed the
otential of SERS detection of high reproducibility and improved

ine broadening.

. Conclusion

In this study, the SERS substrate consisting of periodic
gF2/gold hybrid nanopillar arrays and gold nanorods have

een newly developed. The hetero-aggregation of periodic hybrid
anopillar arrays and gold nanorods was effective not only for
mplifying Raman signal intensity but also for improving the repro-
ucibility and line broadening in SERS detection. Based on the
heoretical and experimental results, the proposed SERS substrate
s expected to be applicable to the fields of analysis of specific small

olecules where the high quality in SERS detection is required.

isclosures

All authors declare no conflicts of interest or financial relation-
hips to disclose.

cknowledgments

This work was supported by the National Research Founda-
ion of Korea (NRF) grant funded by the Korean Government
2016K1A3A1A32913187 and 2017R1A2B4012428) and by Basic
cience Research Program through the NRF funded by the Min-
stry of Education (NRF-2017R1D1A1B03035950). Nam Hoon Kim

as supported by the National Research Council of Science &
echnology (NST) grant by the Korea government (MSIP) (No. CRC-
6-01-KRICT). This work was also supported by the Kyung Hee
niversity Research Fund in 2015 (KHU-20150800).

eferences

[1] C.V. Raman, A new radiation, Indian J. Phys. 2 (1928) 387–398.
[2] O. Lyandres, N.C. Shah, C.R. Yonzon, J.T. Walsh, M.R. Glucksberg, R.P. Van

Duyne, Real-time glucose sensing by surface-enhanced Raman spectroscopy
in  bovine plasma facilitated by a mixed decanethiol/mercaptohexanol
partition layer, Anal. Chem. 77 (2005) 6134–6139.

[3] G. Sabatté, R. Keir, M.  Lawlor, M.  Black, D. Graham, W.E. Smith, Comparison of

surface-enhanced resonance Raman scattering and fluorescence for detection
of  a labeled antibody, Anal. Chem. 80 (2008) 2351–2356.

[4] M.  Larsson, J. Lindgren, Analysis of glutathione and immunoglobulin G inside
chromatographic beads using surface-enhanced Raman scattering
spectroscopy, J. Raman Spectrosc. 36 (2005) 394–399.
ators B 258 (2018) 18–24 23

[5] A. Rasmussen, V. Deckert, Surface- and tip-enhanced Raman scattering of
DNA components, J. Raman Spectrosc. 37 (2006) 311–317.

[6] J. Binoy, I.H. Joe, V.S. Jayakumar, O.F. Nielsen, J. Aubard, DFT based relaxed PES
scan studies and SERS of anti cancer drug, Combretastatin A-4, Laser Phys.
Lett. 2 (2005) 544–550.
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