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P
lasmon resonances occurring in metal
nanostructures separated by nano-
meter-sized gaps can result in strong

electric fields in sub-diffraction-limited
volumes.1,2 The energy focusing effect of
these tinygapshasbeenobserved to intensify
with decreasing gap size. For instance, field
enhancements by orders of magnitude have
been demonstrated in sub-10-nm gaps in
gold structures.3,4 This large field enhance-
ment shows promising applications in sur-
face-enhanced spectroscopy,5,6 nonlinear
optics,7 optical rectification,8 and heat-
assisted magnetic recording.9 Additionally,
strong plasmon coupling occurring between
closely spaced plasmonic structures10,11

gives rise to energy splitting of resonant
modes.12 This coupling enables large shifts
in resonant energies that occur with mini-
scule changes in the environment and/or the
gap size of the plasmonic structures,13 hence
making themuseful in high-sensitivity chemi-
cal detection14 and plasmonic nanorulers.15

The fabrication of nanogaps with well-
defined dimensions and large-area unifor-
mity in plasmonic structures is crucial for
their use in real applications. Although
much work has been done to understand
plasmon resonances in metal nanostruc-
tures with ultrasmall gaps,10 it is still chal-
lenging to reliably fabricate them. Currently,
sub-10-nm gaps between metal nanostruc-
tures are often fabricated by indirect ap-
proaches such as edge lithography,16 angled
deposition methods,17 clustering of chemi-
cally synthesizednanoparticles,18�20breakage
of constricted wires due to electromigra-
tion,8,21 and on-wire lithography.22,23 How-
ever, thesemethods are limited either in their
yield or in the variety of patterns achievable.
To achieve greater freedom in pattern design,
we need a directmethod for fabricating these
nanogaps. Simultaneously, the method
should also enable high-density patterning

of uniform structures over large areas, which
will be useful in experiments and applications.
In this article, we present a method that

enables the direct and reliable fabrication of
sub-10-nm gaps between plasmonic nano-
structures. The method is based on a high-
resolution electron-beam lithography process
with a negative-tone hydrogen silsesquiox-
ane (HSQ) resist followed by lift-off. As the
HSQ structures can be patterned at sub-10-
nm line widths,24,25 it was advantageous to
have these structures determine the nano-
gap dimensions. We demonstrated that,
with the HSQ lift-off process, densely
packed gold nanostructures were fabri-
cated with gaps as small as 5 nm. Optical
measurements and finite-difference time-
domain (FDTD) simulations showed that
these ordered structures with small gaps
have promising plasmonic properties and
potential for surface-enhanced Raman sca-
ttering (SERS) applications.

RESULTS AND DISCUSSION

Fabrication. Given that lift-off processes
are usually achieved using positive-tone
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ABSTRACT Nanoscale gaps in metal films enable strong field enhancements in plasmonic

structures. However, the reliable fabrication of ultrasmall gaps (<10 nm) for real applications is still

challenging. In this work, we report a method to directly and reliably fabricate sub-10-nm gaps in

plasmonic structures without restrictions on pattern design. This method is based on a lift-off process

using high-resolution electron-beam lithography with a negative-tone hydrogen silsesquioxane

(HSQ) resist, where the resulting nanogap size is determined by the width of the patterned HSQ

structure, which could be written at less than 10 nm. With this method, we fabricated densely

packed gold nanostructures of varying geometries separated by ultrasmall gaps. By controlling

structure sizes during lithography with nanometer precision, the plasmon resonances of the

resulting patterns could be accurately tuned. Optical and surface-enhanced Raman scattering (SERS)

measurements on the patterned structures show that this technique has promising applications in

the fabrication of passively tunable plasmonic nanostructures with ultrasmall gaps.
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resists, we first show a comparison between the use of
a negative-tone and a positive-tone resist for lift-off
particularly in the patterning of nanogaps in metal
nanostructures. Figure 1a shows the process flowusing
HSQ (negative-tone) lift-off. The details of the process
can be found in theMethods section. Briefly, a thin HSQ
layer was first spin-coated onto a silicon substrate and

exposed using an electron beam. After development,
metal was deposited onto the sample. Finally, metal
nanostructures with small gaps were obtained by lift-
off. In comparison to the more common lift-off process
with positive resist (e.g., PMMA26) in Figure 1b, the HSQ
process required less amount of electron-beam expo-
sure and resulted in resist structures that were me-
chanically and thermally stable. Furthermore, as the
distance between electron-beam paths was larger in
the HSQ process, the exposure profiles were sharper
due to less electron proximity effects,27 hence resulting
in high-resolution resist structures with straight side
walls which are desirable for lift-off.

Figure 2 shows schematics and scanning electron
micrographs (SEM) at various stages of the process. A
small area of a representative pattern layout used for
electron-beam lithography is shown in Figure 2a, in
which single-pixel lines in red form a hexagonally
networked pattern with 30 nm edge lengths. Figure 2b
shows a SEM image of the resulting HSQ pattern after
exposure and development. The line width of HSQ
structures was ∼5 nm (see also Figure S1 in the
Supporting Information for TEM inspection results),
and the structures were∼150 nm tall. Despite the high
aspect ratio of >20, the structures remained upright
due to the sufficient mechanical strength of the ma-
terial when they form interconnected structures. For
comparison, isolated structures of the same aspect
ratio would most likely have fallen over.28,29 Figure 2c
shows a SEM image of the structures after the deposi-
tion of 15 nm Au (with 1 nm Cr adhesion layer) by
electron-beam evaporation. Due to finite lateral
deposition30 of Au, as shown schematically in the inset,

Figure 1. Comparison of lift-off process using a negative-
tone resist (e.g., HSQ) and a positive-tone resist (e.g., PMMA)
to fabricate densemetal structures separatedby small gaps.
In this particular example, using a negative-tone resist will
require electron-beam exposure over a smaller area, which
could lead to higher throughput.

Figure 2. Results from the fabrication of Au structures with sub-10-nm gaps using HSQ-based lift-off process. (a) Layout
consisting of single-pixel lines for electron-beam lithography. (b) SEM image of HSQ high aspect ratio networking structures
after exposure and development, showing the line width of HSQ structures was∼5 nm. The inset is a schematic showing the
cross section of high aspect ratio structures. (c) HSQ structures after electron-beam evaporation of 15 nm gold, showing that
the structures increased to ∼10 nm due to lateral growth. The inset shows the possible cross sections of the structures.
(d) Gold nanodisk array after removal of HSQ by HF lift-off. The inset shows the possible side wall profile of the formed
nanogaps, indicating trapezoidal cross section. (e) Low-magnification SEM image showing a large array of gold nanodisks
with ∼10 nm gaps fabricated using the HSQ-based lift-off process. The initial HSQ thickness was 150 nm. Electron-beam
lithography was performedwith an Elionix systemwith an accelerating voltage of 100 kV. The dose for HSQ exposure was 16
nC/cm. Scale bars: (a�d) 50 nm; (e) 200 nm.
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the HSQ structures with Au overcoat have widened to
∼10 nm. These Au-coated HSQ structures were re-
moved during lift-off, resulting in gold nanodisk struc-
tures separated by ∼10 nm gaps, as seen in Figure 2d.
Although the gap size on the top of the Au structures
was ∼10 nm, the gaps at the base of the structures
were ∼5 nm as defined by the width of the HSQ
structures, resulting in a cross-sectional profile as illu-
strated in the inset of Figure 2d. Figure 2e is a SEM
image of a large array of gold nanodisks, showing
uniformly defined nanodisks with sub-10-nm gaps.

As alluded to above, gold deposition on the side
walls of HSQ structures was the main obstacle to
achieving successful lift-off. Examples of unsuccessful
lift-off can be clearly seen in isolated structures, as
shown in Figure 3a�c. Figure 3a is a SEM of a HSQ pillar
array with a pitch of 100 nm. An enlarged view of a
collapsed HSQ pillar with straight parallel side walls is
shown in the inset. Figure 3b shows the structures after
15 nm Au deposition. An attempted but unsuccessful

lift-off resulted in collapsed pillar structures, as shown
in Figure 3c. Upon closer inspection, we observed
nanometer-sized clusters of Au on the walls of these
collapsed structures. The HSQ within these Au shells
appears to have beendissolved awayduring the lift-off,
but the continuous thin side wall coating connecting
the topAu capwith the filmon the substrate prevented
the complete removal of Au. This thin side wall coating
was a result of off-normal arrival of Au atoms, which in
turn could be the effect of not having a perfect point
source during the metal evaporation. Ultrasonic agita-
tion was therefore necessary to perform successful lift-
off in the presence of side wall coating tomechanically
break off the Au-coated HSQ structures from the film
on the substrate.

Given the constraints of the deposition tool, we
aimed to weaken themetal coating on the side walls to
achieve successful lift-off by (1) reducing the thickness
of gold deposition to decrease the total thickness of
the side wall coating, and (2) increasing the height of
HSQ structures to obtain a thinner side wall coating
near the film on the substrate. The effects of these
methods are shown in Figure 3d�f. All initial HSQ
structures in Figure 3d�f were hexagonally networked
with ∼6 nm line width and 100 nm edge length.
Figure 3d shows a SEM image from an unsuccessful
lift-off process, in which we used a∼100 nm thick HSQ
resist (instead of 150 nm as used to obtain results in
Figure 2) and deposited a ∼15 nm thick gold layer.
However, when we decreased the thickness of gold
layer to 10 nm while keeping other parameters con-
stant, successful lift-off was achieved, as shown in
Figure 3e, thoughwith discontinuous structures within
each cell due to insufficient Au thickness. The effect of
resist thickness can be seen as increasing the resist
thickness to 150 nm, while keeping themetal thickness
at 15 nm led to successful lift-off, as shown in Figure 3f
and in Figure 2d,e. Figure 3g shows a low-magnifica-
tion SEM image of the array of hexagonal gold plates
separated by ∼10 nm gaps. In our experiments, no
defects were found in gold nanostructures over the
entire patterned area (12 μm � 12 μm), as also shown
in the Supporting Information Figures S2 and S3.

One main advantage of this direct patterning ap-
proach is the freedom it affords in designing plasmonic
structures of various shapes and sizes. For example,
with this HSQ-based lift-off process, different shapes of
gold nanostructures with small gaps were fabricated,
for example, squares in Figure 4a and triangles in
Figure 4b. At the expense of exposing a larger fraction
of the patterned area, we could also directly pattern
sparser structures such as bowtie nanoantennas and
trimers, which are useful also in focusing optical energy
into their nanogaps.2,31 Such structures are shown in
Figure 4c,d, where ∼10 nm gaps at the center of the
groups of triangles could be reliably achieved. In
comparison to a high-resolution PMMA-based lift-off

Figure 3. (a�c) SEM images showing the side wall deposi-
tion effect on the lift-off process: (a) 140 nm tall and 100 nm
pitch HSQ pillars. The inset image includes a collapsed HSQ
pillar, showing the vertical side wall of the HSQ pillars.
(b) HSQ pillars after 15 nm gold evaporation. The inset is a
schematic showing the possible cross-section profile (a thin
coating layer) of the pillars causedby sidewall deposition of
gold. (c) Structures after HF rinse, showing that gold stru-
ctures with a tubular shape remained on the surface, which
indicates the side wall deposition of gold onto the HSQ
pillars. (d�f) SEM images of HSQ-based lift-off results with
different HSQ or gold layer thickness: (d) 100 nm thick HSQ
and 15 nm thick gold layer, showing an unsuccessful lift-off;
(e) 100 nm thick HSQwith 10 nm thick gold layer, showing a
successful lift-off to fabricate sub-10-nm gaps; (f) 150 nm
thick HSQ with 15 nm thick gold layer, showing a successful
lift-off to fabricate∼10 nm gaps in gold nanodisks. (g) Low-
magnification SEM image showing a large area hexagonal
nanodisk array fabricated using the parameters in (f). All
initial HSQ structures were hexagonally networked with a
linewidth of∼6 nmand an edge length of 100 nm. Electron-
beam lithography and SEM imaging parameters were si-
milar to Figure 2. Scale bars: (a�f) 100 nm, and (g) 1 μm.
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process (see Figure S4), we observed a qualitative
improvement in uniformity of the gap dimensions.

Plasmonic Activity of the Fabricated Structures. The plas-
monic activity of the fabricated gold nanostructures
was observed by measuring their optical extinction
spectra (see Methods section for more details). The
measurements presented here were performed on
gold nanostructures with 200 nm pitch and 30 nm
thickness, achieved using HSQ-based lift-off with
180 nm thick HSQ resist. Due to the higher thickness
of gold used here, that is, 30 nm instead of 15 nm, the
observedminimumgap size at the top of the structures
was correspondingly larger at ∼15 nm.

Figure 5a shows the extinction spectra for arrays of
gold nanosquares with different gaps from 30 to 15 nm
(see Figure S5 for the corresponding SEM images),
while keeping the pitch constant at 200 nm. The edge
length of the structures was therefore varied from 170
to 185 nm. From Figure 5a, we observe three plasmon
resonance peaks for each array of Au nanostructures as
indicated by I, II, and III. Their resonance peaks were
observed to significantly red shift when the gap was
decreased, suggesting the tunability of the plasmon
resonance wavelength of the array. This shift was as
expected because larger structures and smaller gaps
have both been observed to cause red shifts in the
plasmon resonance peaks.32 To identify the corre-
sponding plasmon resonance modes for each peak
and observe the resonance shift in the structures, we

performed finite-difference time-domain (FDTD) simu-
lations (see Methods). The results are shown in
Figure 5b, from which we can see three distinct peaks
in the spectra that red shift when decreasing the gap

Figure 4. SEM images of different types of gold nanos-
tructureswith∼10 nmgaps fabricatedbyHSQ-based lift-off
process on the silicon substrate. (a) Gold squares with
100 nm pitch. The average edge length of the gold squares
was ∼90 nm. (b) Hexagonally distributed gold nanotrian-
gles with 100 nm pitch. The average edge length of them
was about ∼70 nm. (c) Gold bowtie nanostructures with an
edge length of ∼95 nm. (d) Gold trimer structures with an
average triangle edge length of ∼90 nm. The thickness of
HSQ used here for lift-off was ∼150 nm. All gold structures
were 15 nm thick with a 1 nm Cr adhesion layer on the
bottom. Scale bars: (a,b) 200 nm; (c,d) 500 nm.

Figure 5. Extinction spectra for densely packed gold nano-
structures with different gap sizes on a silicon substrate: (a)
experimental spectra for the nanosquare array; (b) simu-
lated spectra for the nanosquares. (Inset) Near-field distri-
butions for each plasmon resonancemode within a unit cell
of the periodic array; (c) experimental spectra for the
nanotriangle array. These spectra show that plasmon re-
sonance energies could be tuned by changing the shapes
and the gap size/nanostructureparticle size of the pattern,
indicating also that these structures with small gaps as
fabricated with the HSQ-based lift-off process were plas-
monically active. The HSQ thickness here for lift-off was
∼180 nm. The thickness of gold was 30 nm. The pitch
betweengold nanoparticleswas 200 nm. The small boxwith
dashed lines in (b) is the unit cell for periodic boundary
conditions in numerical simulations. The dashed lines in the
field plots in (b) show the boundary of the squares. Scale
bars in SEM images: 500 nm.
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size, which qualitatively agree with experiment. The
simulation was also able to produce the similar de-
crease in the height of peak III when the gap wasmade
smaller as was observed experimentally. While quali-
tative agreement was good, we did not attempt to
achieve quantitative agreement, which we believe
could be attained by fine adjustment the material
dielectric constants and modifying the structure geo-
metries to match those obtained experimentally. The
near-field distributions for eachmode are shown in the
inset, with each pattern corresponding to a different
plasmon mode. However, a detailed understanding of
the resulting charge distributions is beyond the scope
of this paper and will be a topic for future studies.

The tunability of the plasmon resonance energies
was also observed in the case of Au nanotriangle array
as shown in Figure 5c. In contrast to the nanosquare
array, the nanotriangle array showed two dinstinct
plasmon resonance peaks in the range of wavelengths
measured, as indicated by I and II in Figure 5c. The
presence of resonance peaks in the extinction spectra
indicated that these densely packed structures were
also plasmonically active and that their resonances
were tunable by adjusting the fabrication parameters.
Further evidence of plasmonic activity of these struc-
tures can be found in Figure S6, where the polarization-
dependent plasmon resonances are shown in gold
nanorectangles with ultrasmall gaps.

Surface-Enhanced Raman Scattering. A promising appli-
cation of plasmonic nanostructures with ultrasmall
gaps is in surface-enhanced Raman scattering (SERS).
One of the requirements to achieve strong SERS signal
is the spectral alignment of the excitation laser with the

plasmon resonance of the plasmonic system.33 Taking
advantage the direct-patterning process, we finely
tuned the resonance frequency to align the resonances
for patterns of different shapes to the excitation wa-
velength. In addition to controlling the gap size, to
match the 785 nm excitation laser that was used, we
tuned the plasmon resonance of the densely packed
gold nanostructures also by adjusting the thickness of
the Au film to ∼22 nm, as shown in the right side in
Figure 6. Compared to the 30 nm thick gold nano-
structures in Figure 5, a thinner gold film resulted in a
red shift in the plasmon resonance of structures with
the same dimension and gap size, hence enabling the
shift from 708 to 785 nm. The corresponding plasmon
resonance wavelengths of gold nanohexagons and
nanotriangles were 781 and 787 nm, respectively.
The size of nanogaps in these structures was kept
constant at ∼15 nm. A monolayer of 4-aminothio-
phenol (4-ATP) molecules was used as the probe for
SERS measurement. The details for the preparation
of the SERS substrate can be found in the Methods
section.

The SERS results are also shown in Figure 6. As
shown in spectrum a, for the unpatterned region of the
sample (i.e., bare gold film on Si), we were unable to
detect any enhanced Raman scattering signal from the
4-ATPmolecules. However, for the nanostructures with
small gaps, strong Raman signals with clear peaks were
observed, as shown in spectra b�d. As the concentra-
tion of themolecules in the detection region was same
on both patterned and unpatterned areas (since the
measurements were done on the same substrate),
the enhanced Raman scattering was due to the field

Figure 6. SERS spectra of 4-ATP absorbed on the densely packed gold nanostructures with different shapes on the silicon
substrate: (a) gold film without nanogaps; (b) nanohexagons; (c) nanosquares; (d) nanotriangles. The results show that
nanotriangles had the best enhancement factor. All Au nanoparticles were fabricated usingHSQ-based lift-off techniquewith
samepitch of∼200nm, thickness of∼22 nm, and gap size of∼15 nm, as shownby the SEM images. The Aunanoparticles also
had a similar plasmon resonance peak ∼785 nm which was the excitation wavelength for the SERS measurement. The SERS
was done on a Renishaw inVia Raman microscope with intensity of 0.6 mW and integration time of 30 s. The break from 490
and 540 nm is intentionally introduced to erase the silicon (100) peak. Scale bars in SEM images: 200 nm.
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enhancement in the small gaps afforded by plasmon
resonance.

Perhaps most interesting was the observation that
the enhancement factor (EF) of different gold nanos-
tructures was highly dependent on the shapes of
nanostructures. Taking the peak of 1080 cm�1 as an
example, the signals from nanosquares and nanotrian-
gles were ∼2 and ∼11 times higher, respectively,
compared to the Raman signal from nanohexagons.
As the shape of the structures was the only parameter
that was varied, with all other parameters (substrate,
gap size, excitation wavelength, and plasmon reso-
nance frequency) kept constant, the different EFs were
a manifestation of the shape effect of nanostructures.
One possible effect of the structure shape was the
increasing number ofmolecules in the nanogapswhen
going from hexagons to squares and triangles. Given
that the molecules have self-assembled into a mono-
layer, the number ofmolecules in the gapswas roughly
proportional to the total surface area available to the
molecules at the nanogaps, which was conservatively
estimated to be in the ratio of 1 (hexagons):1.7
(squares):3 (triangles). However, this effect alone
cannot explain the large Raman enhancement ob-
served from Au nanotriangles, which points to a
further plasmonic field enhancement effect that is
related to the shape. We explain this shape effect as
follows: the nanotriangles, with sharper corners than
the squares and hexagons, were more effective in
generating strong fields that were confined at the
corners due to the “lightning rod” effect.34 To sup-
port this claim, the plots of field distributions in the

case of nanotriangle arrays (Figure S7) appear to be
the only ones with highly localized electric field
maxima located at the corners of the structures. We
hypothesize that these “hot spots” were responsible
for the largest SERS signals for nanotriangles over
nanosquares and nanohexagons. In contrast, the
electric fields for nanohexagons and nanosquares
were more delocalized compared to those for
nanotriangles.

CONCLUSIONS

We demonstrated the direct and reliable patterning of
arrays of plasmonic structures separated by sub-10-nm
gaps. The method developed was based on a lift-off
process using high-resolution electron-beam lithogra-
phy with a negative-tone HSQ resist, where the result-
ing nanogap size was determined by the width of the
patterned HSQ structure, which could be as small as
∼5 nm. Optical measurements show that this process
provided a powerful capability in the fabrication of
tunable plasmonic nanostructures with ultrasmall
gaps. With this technique, we studied the shape effect
of nanostructures in achieving strong SERS signals in a
systematic way and showed that arrays of nanotrian-
gles were better than squares or hexagons. In addition
to plasmonics, this high-resolution approach for pat-
terning sub-10-nm gaps can be extended to the
fabrication of nanostructures in other materials as well,
such as nanochannels in nanofluidics, nanomagnets
for magnetic interaction studies and gaps in metal for
molecular electronics,35 and dielectrophoretic trap-
ping of particles.36

METHODS

Electron-Beam Lithography. HSQ (XR-1541-006, Dow Corning,
USA) was spin-coated on silicon substrates with a thickness
from 100 to 180 nm (measured by ellipsometry). To avoid
thermally induced cross-linking which would reduce the resolu-
tion, no baking process was utilized. Electron-beam lithography
was performed using an Elionix ELS-7000 EBL system with an
accelerating voltage of 100 kV and a beam current of 100 pA.
Depending on the density of the structures, typical doses to
obtain HSQ structures with∼5 nm feature size were varied from
10 to 20 nC/cm. Exposed HSQ was developed in a salty devel-
oper (1% NaOH þ 4% NaCl in DI water) at 24 �C for 4 min and
then rinsed by DI water for 2 min to stop the development and
clean the sample surface.37 The samples were then directly
rinsedwith IPA. As IPA has a lower surface tension than DI water,
this process reduced the probability of structure collapse by
weakening the capillary force during the drying step.38 The
samples were blown dry using a steady stream of N2.

Metal Deposition. Metal deposition was performed using an
electron-beam evaporator (Explorer Coating System, Denton
Vacuum). Before Au layer deposition, a 1 nm Cr adhesion layer
was deposited. The working pressure during the evaporation
was <5 � 10�6 Torr. The temperature of the sample chamber
was kept at 20 �C during the entire evaporation process, with
the sample holder rotating at a rate of 50 rpm to ensure the
uniformity of deposition.

Lift-Off. Lift-off was performed by immersing the samples in
1:5 buffered hydrofluoric acid (HF) solution (7:1 of 40% NH4F

and 49% HF) at room temperature with ultrasonic agitation for
4 min. We observed that sonication was essential for successful
lift-off in our experiments. The fabricated structures were im-
aged using an Elionix ESM-9000 scanning electron microscope
with an accelerating voltage of 10 kV and a working distance
of 5 mm.

Optical Measurement. To investigate the optical property of
the fabricated structures, extinction spectra were measured in
reflection mode using a QDI 2010 UV�visible�NIR range
microspectrophotometer (CRAIC Technology Inc.). Both the
incident and the collected light were normal to the substrate;
that is, the electric field of light was in plane with the surface of
nanostructures.

FDTD Simulations. Full 3D finite-difference time-domain
(FDTD) simulations were performed on a workstation using
the commercial software Lumerical by Lumerical Solutions Inc.,
Vancouver, Canada. To obtain qualitative trends and distinct
peaks in the spectra, we simplified the structures significantly;
for example, no Cr adhesion was used in the simulations.
Periodic boundary conditions were used for the two in-plane
dimensions to simulate an infinite array of periodic nanos-
quares, nanotriangles, and nanohexagons with small gaps.
Perfectly matched layer (PML) boundary conditions were
used in the z-direction. The mesh size used in the simulation
region was 1 nm. The complex dielectric constants for Au and
Si were selected as CRC39 and Palik40 from the database,
respectively. The structures were illuminated with a plane
wave directed along the z-axis. Time-averaged total electric
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field intensity was extracted for the spectra and in generating
the field distributions.

Surface-Enhanced Raman Scattering (SERS). To prepare the sub-
strate for SERS, the sample was first immersed in a solution of
4-aminothiophenol (4-ATP) in ethanol at a concentration of
10�5 M for 12 h. The sample was then rinsed several times with
ethanol and blow-dried using a N2 stream. The rinsing process
ensured the formation of only a monolayer of 4-ATP over the
surface of Au. The SERS measurements were performed using a
Renishaw inVia Ramanmicroscope equippedwith 785 nmGaAs
laser. Raman signal were collected using a 100� objective
(numerical aperture, NA = 0.85) under laser power intensity of
0.6 mW and with integration time of 30 s.
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