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sively localized into a nanoscale junc-

tion of noble metals to create tremen-
dous field enhancement, referred to as “hot
spots”.' ™ This huge EM field localization
resonant coupling with the surface plasmon
is essential for surface-enhanced Raman
spectroscopy (SERS).> '? SERS substrates
could be used as label-free immunoassays,'®
biosensing,'*"> and surface-enhanced spec-
troscopy.'® The effect of the gap distance
between metallic nanostructures on the SERS
has been extensively studied.'” > However,
great challenges remain in the fabrication of
SERS substrates with uniformly narrow gaps
of metal nanoparticles in a large area, precise
control of the gap distance, and signal re-
producibility.

Some research groups generated the hot
spots by dropping dilute solutions contain-
ing Au (or Ag) nanoparticles on a substrate.
However, the locations of the hot spots are
very sparse; thus, it is practically impossible
to fabricate SERS-active substrates with
high sensitivity and good signal reproduci-
bility in a large area.*?* Although others
have tried to obtain many hot spots or be-
tter signal reproducibility by using dimers or
trimers of nanoparticles,>2° enough signal
intensity and excellent signal reproducibility
to detect a single molecule have not been
achieved so far.

To increase uniformity in the size of the
metal nanoparticles and the gap distance
between two neighboring nanostructures,
focused-ion-beam®®*! and electron-beam
lithography**** have been usually used to
prepare the SERS substrates. But in this case,
it is not easy to decrease the gap distance
down to sub-10 nm, which is known for
obtaining high signal intensity for a SERS

E lectromagnetic (EM) fields are inten-
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We introduce a simple but robust method to fabricate an ultrahigh-density array of silver

nanoclusters for a surface-enhanced Raman spectroscopy (SERS) substrate with high sensitivity
and excellent reproducibility at a very large area (wafer scale) based on polystyrene-block-
poly(4-vinylpyridine) copolymer (PS-b-P4VP) micelles. After silver nitrates were incorporated
into the micelle cores (P4VP) followed by the reduction to silver nanoclusters, we system-
atically controlled the gap distance between two neighboring silver nanoclusters ranging from
8 to 61 nm, while the diameter of each silver nanocluster was kept nearly constant (~25 nm).
To make a silver nanocluster array with a gap distance of 8 nm, the use of crew-cut-type
micelles is required. Fabricated SERS substrate with a gap distance of 8 nm showed very high
signal intensity with a SERS enhancement factor as high as 10, which is enough to detect a
single molecule, and excellent reproducibility (less than 4-5%) of the signal intensity. This is
because of the uniform size and gap distance of silver nanoclusters in a large area. The
substrate could also be used for label-free immunoassays, biosensing, and nanoscale optical
antennas and light sources.
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substrate.>' > In addition, since the fabri-
cation of metal nanostructure arrays in a
large area is time-consuming and expen-
sive, the area containing metal nanostruc-
tures is very limited (smaller than 100 um?).

Some research groups®®**” have fabri-
cated SERS substrates in a large area having
reproducible SERS intensity. Que et al.>® pre-
pared a gold nanoparticle assembly on a
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silicon wafer by using capillary force. However, the
actual area covered with gold nanoparticles in the
wafer was very small (3600 zm?). In addition, neighbor-
ing gold nanoparticles could be aggregated because
the surfactants were completely removed at a high
temperature (400 °C). Qian et al.*” fabricated a petal-
like arrayed structure by using a self-assembled bilayer
of silica nanoparticles and anisotropic physical vapor
deposition, and the substrate showed a high SERS
enhancement factor (EF). While the detection by a
laser for SERS intensity was limited within a circle with
a diameter of 1 um, the smallest diameter of silica
nanoparticles was 250 nm. Thus, the deviation of the
number of hot spots could be as large as 25%, which
means that a high reproducibility of the SERS intensity
is not easy to obtain for this array.

Other research groups reported the fabrication of a
SERS substrate based on block copolymer self-as-
sembly.3® %9 Wang et al.>® fabricated a mushroom-like
gold structure by galvanic displacement reaction on a
nanoporous template based on polystyrene-block-poly-
(2-vinylpyridine) copolymer (PS-b-P2VP). Liz-Marzén
and co-workers® fabricated a SERS substrate with a
silver nanoparticle array. For this purpose, gold nano-
dots were first prepared by the coordination of HAuCl,
with pyridine groups in P2VP micelle cores followed by
the reduction. Then the silver nanoparticles were
grown on the pre-existing gold nanodots by chemical
reaction to control the gap distance between neigh-
boring silver nanoparticles. Lee et al.*° fabricated a
SERS substrate with a gold nanoparticle array in a large
area by utilizing perpendicularly oriented cylindrical
microdomains of poly(4-vinylpyridine) (P4VP) in poly-
styrene-block-P4VP copolymer (PS-b-P4VP) thin film.
Then, P4VP blocks were positively quaternized to
accommodate presynthesized gold nanoparticles with
negatively charged citrate functional groups. Gold was
further overgrown on the pre-existing gold nanoparti-
cles in P4VP microdomains by immersing the substrate
in the solution containing a gold precursor of HAuCl,.

Although the array of the silver or gold nanostruc-
tures was prepared in a large area by using block co-
polymer self-assembly, all of the investigations re-
ported in the literature®®*° should use an additional
metal growing step, for instance, dipping of the sub-
strate into solutions containing metal precursors, on
the pre-existing seeds of gold nanodots (or nano-
particles). However, during this step, the pre-existing
gold nanoparticle seeds might be dissolved in addition
to the possible formation of nanoparticles at nonseed-
ing positions. Thus, excellent structure uniformity in
the gap distance and the size (or shape) of nanoparti-
cles in the array in a large area, which is the most
important merit of the use of block copolymer self-as-
sembly, could not be obtained. Due to the nonunifor-
mity in nanoparticle structures, the reported EF value is
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at most ~10°. Also, the reproducibility in the SERS
signal was not good.

Thus, the easy and cheap fabrication of SERS sub-
strates in a large area, while maintaining high EF to
detect single molecules*'** and excellent reproduci-
bility of signal intensity (less than +5%), still remains
challenging. Also, to investigate directly the effect of
the gap distance of neighboring metal nanoparticles
on Raman intensity enhancement, the hot spot density
should be very large and uniform through the entire
SERS substrate. The easiest and most robust method to
achieve these requirements is to prepare an ultrahigh-
density array of silver nanoclusters (or nanoparticles)
having sub-10 nm gap distance between two neigh-
boring nanoparticles in a very large area (at least cm?).
We realize that when the crew-cut-type block copoly-
mer micelles*® with shorter corona size compared with
the core size are used, the nanoparticle array with a
sub-10 nm gap distance is easily fabricated. In this
situation, we could maintain excellent features of the
block copolymer self-assembly to obtain a uniform gap
distance and size of nanoparticles in a large area, be-
cause an addition metal growing step is not needed.

In this study, we chose PS-b-P4VP micelles since the
precursor of silver nitrate (AgNOs) was easily incorpo-
rated by the coordination with pyridine groups in the
P4VP micelle cores. Although many different metal and
semiconducting materials were easily incorporated
into spherical micelles of P4VP in PS-b-P4VP,*~*® the
direct inclusion of silver precursors followed by the re-
duction to silver nanoparticles (or nanoclusters) and an
array with a smaller gap distance (say, less than 10 nm),
which is required to achieve the hot spots, have not been
reported in the literature. This is because only normal PS-
b-P4VP or PS-b-P2VP micelles, which have a longer corona
size compared to the core size, have been used to prepare
silver or gold nanoparticles in the previous reports.**~*

We also used various PS-P4VPs with different block
ratios of PS and P4VP chains to control the gap distance
(d) between two neighboring silver nanoclusters from
8 to 61 nm, while the average diameter (D) of all of the
silver nanoclusters was kept nearly constant (~25 nm).
The substrate with an ultrahigh-density array of silver
nanoclusters showed very high SERS intensity with an
EF as high as 1 x 10% and excellent reproducibility in
the signal (less than £5%). Since a single molecule
could be detected with a substrate having an excellent
EF,*'*2 the SERS substrate fabricated in this study could
be very effective in detecting a single molecule needed
for label-free immunoassays and biosensors. Also, this
substrate could be used for nanoscale optical antenna,**°
light sources,”" and lithographic tools.>

RESULTS AND DISCUSSION

Figure 1 gives a schematic of the preparation of an
ultrahigh-density array of silver nanoclusters on a silicon
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Figure 1. Scheme of the fabrication of an ultrahigh-density array of silver nanoclusters on a silicon wafer.

TABLE 1. Values of D and d Prepared by Different PS-b-P4VPs after UV Treatment without and with Oxygen Plasma

Treatment for 2 min

sample used PS-b-P4VPs diameter of silver without plasma oxygen plasma
code (molecular weights of PS and P4VP block) nanocluster (D) and gap distance (d) treatment treatment for 2 min

a 10400-b-19 200 D 245+ 1.7nm 20.6 + 1.8nm

d 83+ 14nm 10.4 & 2.4nm

Q 19.000-b-22 000 D 244 4+ 1.8nm 209 4 1.9nm

d 204 £ 1.0nm 241 £ 21nm

a 35000-b-21 000 D 249 + 1.5nm 209 + 2.1nm

d 346 £ 1.2nm 38.1+ 24nm

“ 41500-b-17 500 D 246 + 1.8nm 203 +2.2nm

d 446 £ 1.1nm 479 £+ 2.1nm

(&) 122 000-b-22 000 D 248 + 2.1nm 203 + 1.7nm

d 612 + 1.5nm 64.8 + 2.5nm

wafer by using PS-b-P4VP micelles. First, PS-b-P4VP was
dissolved into toluene/tetrahydrofuran (THF) mixed sol-
vent. THF is necessary for the crew-cut micelles with
short chain length of the corona (PS block chains),
whereas only toluene was used for normal micelles with
longer PS block lengths (the details are in section 1 in the
Supporting Information). Once the spherical micelles
with P4VP cores were formed, AgNOs was incorporated
into the micelle core and reduced to silver nanoclusters
(or nanoparticles) by using NaBH,>* Next, the micelle
solutions with silver nanoclusters were spin-coated on a
silicon wafer, followed by the complete removal of the
block copolymer thin film by UV irradiation at room tem-
perature. To change the gap (or interparticle) distance
between two neighboring silver nanoclusters, we em-
ployed five different PS-b-P4VPs with various block ratios
of PS and P4VP blocks (see Table 1). Since the molecular
weight of the P4VP block in all block copolymers was
almost the same, the core diameter of the silver nano-
clusters (nanoparticles) was kept nearly constant.
Figure 2 gives the field emission scanning electron
microscopy (FE-SEM) images of the arrays of silver
nanoclusters obtained from four different PS-b-P4VPs,
after the complete removal of PS-b-P4VPs. We found
that the silver nanoclusters are hexagonally packed,
and the size of the nanocluster is very uniform over the
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entire substrate (wafer scale). Also, D was almost the
same regardless of different PS-b-P4VPs, whereas d in-
creased gradually with increasing the molecular weight
of the PS corona block. The values of the D and d are
determined by FE-SEM images by counting at least 250
silver nanoclusters (see Figure S2 in the Supporting
Information) and given in Table 1.

One interesting feature in the insets of Figure 2 is
that each silver nanocluster contains several tiny silver
nanoparticles (see also Figure S3 in the Supporting
Information for enlarged images). To study the effect of
the particle shape on SERS intensity, the sample was
further treated by oxygen plasma at room temperature
for certain time intervals. As shown in Figure 3, the
silver nanocluster becomes a single silver nanoparticle
when the sample was treated by oxygen plasma at
room temperature for 2 min. The values of D and d for
the samples treated by oxygen plasma for 1 min are
given in Table S2 of the Supporting Information.

Figure 4 shows SERS spectra of crystal violet (CV)
adsorbed on the silver nanocluster arrays, measured
with a Raman microscope at 514.5 nm excitation and a
laser spot of ~1.54 um?. CV is a well-known molecule
for SERS study because it efficiently chemisorbs on the
silver surfaces by the existence of an amino group.>***
The SERS spectra reveal the characteristic peaks of
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Figure 2. FE-SEM images of silver nanocluster arrays prepared by four different PS-b-P4VPs: (a) C1, (b) C2, (c) C4, and (d) C5.
The scale bar in each inset is 30 nm. The number-average molecular weights of PS and P4VP blocks for C1—C5 are given in

Table 1.

Figure 3. HR-TEM images of one silver nanocluster in
sample C1 without (a) and with oxygen plasma treatment
at room temperature for 2 min (b).

CV at 1172, 1371, and 1619 cm ™ '. The SERS signals in-
creased dramatically with decreasing d, because the
electromagnetic coupling between the naoclusters dra-
matically increases with decreasing gap distance.'” We
also employed two nonresonant SERS molecules, 1,2-
di-(4-pyridyl)ethylene (BPE) and 4-aminothiolphenol
(4-ATP). Both molecules do not give any resonance at
514.5 nm. We find that the effects of the gap distance
and oxygen plasma treatment on the SERS intensity and
EF values for these two nonresonant SERS molecules are
similar to those of CV, although the SERS intensity and
the EF were slightly decreased (20—30%) compared
with those of CV (see Figures S7—S510 in the Supporting
Information). Thus, we consider that the SERS substrates
employed in this study have excellent SERS properties of
both resonant and nonresonant SERS molecules.

The increased SERS intensity with decreasing d is
also consistent with the red-shift of the peak position at
~500 nm in the UV—visible absorption spectra (see
Figures S11 and S12 in the Supporting Information).
The peak in the UV—visible spectra corresponds to the
coupling wavelength at which the surface plasmon re-
sonance (SPR) is maximized. Since the excitation
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Figure 4. SERS spectra of CV for the silver nanocluster
arrays prepared by five different PS-b-P4VPs.

wavelength used in the SERS measurement was
514.5 nm, the red-shift in the UV—visible spectra in-
dicates the better coupling between the incident light
and surface plasmon, resulting in a higher SERS in-
tensity.”5 %8

Quantification of the EF in a SERS substrate is not
trivial and needs some assumptions since the number
of adsorbed molecules is poorly defined.>®**” In this
study, we assume that CV molecules are uniformly ad-
sorbed on the silver nanoclusters (see section 2 in the
Supporting Information). Figure 5 shows the calculated
EF for silver nanocluster (and nanoparticle) arrays
depending on d. The details for the EF calculation are
also given in section S2 of the Supporting Information.
With decreasing d, the electromagnetic coupling be-
tween the nanoclusters increases the Raman spectra.'?
For the substrates with a silver nanocluster array, EF
was lower (~3.3 x 10°) at d larger than 35 nm. At
d~ 20 nm, EF increased significantly, to ~10”. The largest
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Figure 5. SERS enhancement factor of CV for the silver
nanocluster and single silver nanoparticle arrays at various
gap distnaces (d).

SERS EF was ~10° at a d ~ 8 nm. On the other hand, for
other substrates with an ultrahigh-density array of silver
nanoparticle, EF at d &~ 24 nm was still low (~2.5 x 10°).A
large EF (~1.5 x 107) was observed only ata d of ~10 nm.

Thus, the critical gap distance below which EF in-
creases significantly depends on the shape of the silver
(nanocluster with tiny nanoparticles versus single
nanoparticle). For the SERS substrates with silver nano-
particles, the critical gap distance would be ~10 nm.
However, very interestingly, for the SERS substrates with
an ultrahigh-density array of silver nanoclusters, a sig-
nificant increase in EF was observed even at d ~ 20 nm,
athough the EF atd ~ 8 nmis ~10 times larger than that
at d ~ 20 nm. This indicated that the Raman intensity
was affected by not only d but also the internal silver
nanocluster structure.>® %2 Even though the diameter
of tiny silver nanoparticles inside a single nanocluster
was ~4 nm, these tiny nanoparticles could interact with
each other, which results in a contribution to the SERS
intensity. Namely, the array of silver nanoclusters

EXPERIMENTAL SECTION

Fabrication of an Ultrahigh-Density Array of Silver Nanoclusters. We
used five different PS-b-P4VPs (Polymer Source Inc.) with
different PS and P4VP blocks to change the gap (or inter-
particle) distance of silver nanoparticles. The number-average
molecular weight (M,,) of the P4VP block in all block copolymers
was nearly constant to obtain a similar core diameter. The gap
distance of two neighboring silver nanoclusters was carefully
controlled by using different molecular weight PS blocks. For
the crew-cut type micelles where the corona block (PS) is
shorter than the core block (P4VP), it is not easy to have well-
defined micelles when only toluene is used. Thus, in this
situation, we added THF, which is a selective solvent of PS
block, to the toluene solution, to facilitate the easy and stable
formation of the P4VP micelles. The amount of THF in the mixed
solvent was increased with decreasing molecular weight of
the PS block in PS-b-P4VPs (see Table S1 in the Supporting
Information).

After each block copolymer was added to the mixed solvent
(0.5 wt % in solid), it was stirred for 3 h at room temperature.
Then the solution temperature was increased to 70 °C and held

increased plasmon coupling among individual tiny
nanoparticles in the nanocluster, which is similar to
the multiscale SERS signal enhancement.>®%2

Since the Raman intensity reflects from all of the
nanoclusters within the laser spot, the measured
intensity was quite reproducible (less than 5% over
30 experiments). The values of standard deviation in
EF for all the substrates are given in Table S3 of the
Supporting Information. Excellent reproducibility is
attributed to the fact that a large number of silver
nanoclusters (and, thus, hot spots) ranging from
250 to 1500 contributed Raman spectra within the
laser spot (~1.54 um?) as well as very good uniformity
in the gap distance and silver nanocluster size.

In conclusion, we fabricated a SERS substrate with
high sensitivity and excellent reproducibility by using
an ultrahigh-density array of silver nanoclusters based
on block copolymer micelles. For the SERS substrates
with silver nanoparticles, the critical gap distance was
~10 nm and the EF was ~1.5 x 10”. However, for the
SERS substrates with an ultrahigh density array of
silver nanoclusters, a significant increase in EF was
observed even at a gap distance of ~20 nm. At a gap
distance of ~8 nm, the EF was as high as 1.0 x 105,
which is large enough to detect a single molecule.
Furthermore, excellent reproducibility (less than
+5%) was achieved over a large area (wafer scale).
This is because a large number of silver nanoclusters
(and, thus, hot spots) ranging from 250 to 1500 con-
tributed Raman spectra within the laser spot as well as
excellent uniformity in gap distance and silver na-
nocluster size resulting from the excellent feature of
the block copolymer self-assembly. Due to easy and
robust fabrication in a large area, the substrate fabri-
cated in this study could be used for label-free im-
munoassays, biosensing, and nanoscale optical an-
tennas and light sources.

at this temperature for 2 h. The use of high temperature is
required for stable formation of the crew-cut micelles.

To incorporate the silver precursor into the P4VP micelle
core, an excess amount of AgNOs (molar ratio of AGNOs to vinyl
pyridine monomer = 2) was added to the micelle solution and
stirred for 24 h at room temperature to facilitate the coordination
between silverions (Ag™) and poly(4-vinylpyridine) chains. Then,
NaBH, (Sigma-Aldrich) was added and stirred for a further 24 h
to reduce the coordinated silver ions to silver nanoparticles (or
nanoclusters). The noncoordinated silver ions were precipitated
as big particles after the reduction by NaBH,. These big silver
particles were completely removed by using a PTFE syringe filter
(size of 400 nm). Finally, the micelle solutions were spin-coated
at a rotating speed of 2000 rpm for 60 s on a silicon wafer, which
produced the monolayer of the P4VP spherical micelles.

Characterization. The morphologies of the micelles were
investigated by transmission electron microscopy (TEM, Hita-
chi Ltd., S-7600), operating at 3 kV, after the sample was
stained with iodine (1,) for 1 h. The gap distance and diameters
of the silver nanoclusters after the removal of block copolymer
thin films were determined by scanning electron microscopy
(SEM, Hitachi, S4800) operating at 10 kV. High-resolution trans-
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mission electron microscopy (HR-TEM, JEOL, JEM-2100F) oper-
ating at 300 kV was also employed to observe the inner struc-
ture of a single nanocluster. PS-b-P4VP was removed by UV
irradiation using a UV lamp (model G15T8, Sankyo Denki, Japan)
with the highest intensity at 253.7 nm for 24 h under air at room
temperature. We confirmed via Fourier transform infrared spec-
troscopy (FT-IR) (Nicolet 700) that the block copolymer film was
completely removed after UV irradiation for 24 h (see Figure S13
in the Supporting Information).

To control the shape of the silver nanoclusters, the sample
was further treated by oxygen plasmas at room temperature.
The specimen was placed in a vacuum chamber (Plasma Prep II,
Spi) maintaining an O, pressure of 100 mTorr and 50 mW rf
power. The silvers in the nanoclusters were not oxidized after
oxygen plasma treatment for 2 min, which was confirmed by en-
ergy dispersive X-ray spectroscopy (EDX: JEOL JEM-2100F) (see
Figure S14 in the Supporting Information).

Raman intensity was measured in a backscattering geome-
try by using a JY LabRam HR fitted with a liquid-nitrogen-cooled
CCD detector. The spectra were collected under ambient con-
ditions using the 514.5 nm line of an Ar-ion laser with 0.05 mW
irradiation of the sample surface. The acquisition time was 20 s.
The radius of the laser spot was 0.70 um; thus, the laser spot area
was 1.54 um?. The SERS molecules employed in this study, CV,
BPE, and 4-ATP, were purchased from Aldrich Chemical Co.
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