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ABSTRACT: Quantitative surface enhanced Raman spectros-
copy (SERS) requires precise control of Raman enhancement
factor and detection uniformity across the SERS substrate.
Here, we show that alkanethiolate ligand-regulated silver (Ag)
nanoparticle films can be used to achieve quantitative SERS
measurements down to the single-molecule level. The two-
dimensional hexagonal close-packed superlattices of Ag
nanoparticles formed in these films allow for SERS detection
over a large area with excellent uniformity and high Raman
enhancement factor. In particular, the SERS signal from the
thiolate ligands on Ag nanoparticle surfaces can be utilized as a
stable internal calibration standard for reproducible quantita-
tive measurements. We demonstrate the capability of
quantitative SERS by measuring the areal densities of crystal violet molecules embedded in an ultrathin spin-on-glass detection
“hot zone”, which is a planar and uniformly enhanced region several nanometers above the Ag nanoparticles. The Raman
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measurement results exhibit a linear response over a wide dynamic range of analyte concentration.

B INTRODUCTION

Raman spectroscopy arises from the inelastic light scattering by
molecular vibrations, which could provide “fingerprint”
information for molecular diagnostics. However, the inherently
low scattering intensity of conventional Raman spectroscopy
limits its widespread applicability. Over the last few decades,
surface enhanced Raman spectroscopy (SERS)'~* has received
intense attention because of its great potential for ultrasensitive
detection down to the single-molecular level.>™ In SERS, light
excitation of surface plasmon resonances in noble-metal
nanostructures significantly enhance and localize the incident
electromagnetic field at nanoscale “hot spots”. The Raman
intensity of molecules, which are placed in close proximity to
the hot spots of SERS substrate, can be dramaticallgr amplified
with an enhancement factor frequently above 10°.'°""?
However, due to the random distribution of hot spots on the
SERS substrate, only part of the analytes can be really
accounted for. For this reason, although it is obvious that the
precise determination of analyte concentration is critical for
biological and chemical sensing applications, there are only a
tew reports focused on the realization of quantitative SERS
measurements. >~ > To realize highly sensitive and reliable
SERS for quantitative measurements, there have been
numerous attempts to simultaneously achieve large Raman
enhancement factor and reproducibility of hot spots using
different nanofabrication techniques.lé_21 However, until now,
it is stil unattainable because of limited uniformity and
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controllability of hot spots in available SERS substrates.”* >

Here, we show that alkanethiolate ligand-regulated silver
nanoparticle (AgNP) superlattices can be applied to achieve
highly enhanced and uniform Raman measurements over a
large area (>1 cm?). The large-scale self-assembly of 6 nm-
diameter AgNPs adopted here allows for the formation of
regular, close-packed AgNP superlattices, which can function as
SERS substrates with excellent uniformity (<5% variation) and
large Raman enhancement factor (>1.2 X 107). In particular,
the SERS signal from the thiolate ligands on the AgNP surface
is found to be a robust internal calibration standard for
quantitative SERS measurements. Using these substrates, we
demonstrate the capability of quantitative SERS detection by
measuring the areal density of crystal violet (CV) molecules
embedded in a ultrathin (S nm) spin-on-glass “hot zone”, which
shows a linear response over a wide dynamic range of CV
concentration (5—5000 molecules/um?).

There are several major SERS issues need to be addressed to
realize quantitative SERS in an efficient and reliable way. First
of all, uniform and large SERS substrates are crucial for
quantitative measurements. But the required nanofabrication
precision to create metal nanostructure arrays with uniform hot
spot properties is very difficult to be accomplished.'*" Here,
we demonstrate that self-assembled AgNP superlattices
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Figure 1. Single-monolayer AgNP film as SERS substrate. (a) Field-emission scanning electron microscopy (FESEM) image of one-monolayer (1
ML) close-packed AgNP film on quartz with an image area of 1 X 0.7 um” The diffraction pattern was acquired from fast Fourier transform with an
image area of 0.7 X 0.7 um? The schematic shows that the interparticle gap is regulated by the thiolate chain length. (b) Transmission and reflection
photographs of a large-area (1 X 1 cm?), highly uniform 1 ML AgNP film on quartz, illustrating the effect of collective plasmonic resonance. (c)
Structure of the SERS substrate (close-packed AgNP film) and the analyte layer, which is a spin-coated layer of crystal violet (CV) molecules
embedded in spin-on-glass (SOG). The cross-sectional SEM image shows the thicknesses of CV/SOG layer and AgNP film are about S and 6 nm,
respectively. (d) Raman spectra (vertically offset for clarity) obtained from a CV/SOG layer on a AgNP film, a bare AgNP film, and a bare CV layer,

respectively. The spectra were acquired by using the Raman System L

regulated by the alkanethiolate surface ligands can resolve this
SERS issue. Second, in order to obtain a reproducible SERS
signal, subnanometer precise control of the distance between
the analyte and the hot spot is necessary because that the SERS
signal can be drastically changed even the location of analyte
relative to the hot spot is only slightly varied on the nanometer
scale.'”'>”” The advantage of using alkanethiolate surface
ligand for nanoparticle self-assembly is that precise interparticle
gap control can be achieved by using different alkanethiolate
chain length.**®

In SERS, the overall signal intensity is essentially the sum of
signals from all the analytes on the whole detection area
covered by the excitation laser beam. In a study by Dlott et
al,'! it has been shown that the local Raman enhancement
factors on Ag-film-on-nanospheres SERS substrate exhibit a
broad distribution ranging from 10* to 10'°. Notably, one-half
of the overall SERS signal comes from the hot spots with
enhancement factors greater than 10%, which only account for
less than 1% of total hot spots. These findings answer most of
the questions about the inhomogeneous nature of the SERS
substrates reported in the literature. Over the years, many
research efforts have been devoted to optimizing SERS
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substrates in order to provide the largest magnitude of SERS
enhancement. In contrast, the strategy proposed here for
reliable quantitative SERS measurements is to avoid anom-
alously hot detection sites (conventional hot spots), and
position analytes in a planar and uniform “hot zone”, which is
several nanometers above the AgNP film. Meanwhile, the
achieved Raman enhancement factor is spatially uniform and
sufficiently high (>107) for single-molecule detection.

The third issue of quantitative SERS concerns about the
measurement of absolute SERS signal, which is very difficult to
The Raman
scattering intensity typically depends on various instrumental
conditions, rendering it difficult to reproduce the signal even
for the same sample. A possible solution for this problem is to
establish internal standards,"**>*° which might come from the
SERS signals of independent and stable components included
in the sample. Here, we demonstrate that the SERS signal of
passivating alkanethiolate ligands on the AgNP surfaces can be
used as a stable internal calibration standard for quantitative

achieve by conventional SERS techniques.

SERS measurements.
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Figure 2. FDTD simulated field distributions. (a) Schematic view illustrating the detection hot zone, where the analytes are located in the
controllable region. (b) FDTD simulated electric field intensity (IEI*) distribution at different vertical planes on top of the AgNP film. All the field
intensities are normalized to the hottest point in the center plane of the AgNP film. The distribution of hot spots in the center plane of AgNP
monolayer film is simulated using a linearly polarized laser at normal incidence. At planes with increasing heights, the features of hot spots become
blurred rapidly and the field distribution becomes quite uniform in the detection hot zone. The statistical analyses of field intensity at the hot zone
and at the center plane of AgNP monolayer film are shown in (c) and (d), respectively. In particular, the standard deviation of field intensity at the

hot zone is only about 10% of the peak value.

B EXPERIMENTAL SECTION

Synthesis of Colloidal AgNPs and Preparation AgNP Films.
Diethylene glycol (DEG) solution of silver colloidal nanoparticles (Ag
colloids) was prepared by mixing 15 mL of poly(acrylic acid) (PAA)/
DEG solution (0.81 g PAA + 15 mL DEG) with 3 mL of silver nitrate
mixture (0.1 g AgNO; + 3 mL DEG) at 245 °C (the boiling point of
DEG) and was maintained for 10 min. The octadecanethiolate-
passivated AgNPs were synthesized by using a two-step, two-phase
colloidal method.”® In this step, an AgNP/DEG solution was
transferred to toluene using tetraoctylammonium bromide (TOAB)
as the transfer agent, and AgNPs were capped with octadecanethiolates
in toluene. Specifically, S mL of AgNP/DEG solution was mixed with
10 mL of 100 mM TOAB/toluene solution, 10 mL of 100 mM
octadecanethiolate/toluene solution, and 25 mL of toluene. The
mixture was stirred vigorously for ~10 min and stood for 6 h. Then,
we removed the bottom DEG solution. Finally, we utilized a centrifuge
to purge the octadecanethiolate-passivated AgNP/toluene solution.
Colloidal AgNPs exhibit many advantages to serve as plasmonic
building blocks, such as well-controlled synthesis, size monodispersity,
good shape control, facile surface functionalization, and excellent
plasmonic properties in the visible light region. As for the large-scale
self-assembly of plasmonic nanoparticle films, we have adopted a
simple and efficient method for forming large-area (>1 cm?), single- or
multiple-layer AgNP films.*® In comparison to a single-layer AnNP
film, Janus nanoparticles®' that simultaneously display two distinctly
different surface properties are utilized to form multiple-layer AgNP
films. Using this method, an arbitrary number of close-packed
nanoparticle monolayers can be formed by using layer-by-layer
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assembly from a suspension of thiolate-passivated AgNPs, similar to
the Langmuir—Blodgett technique.

Analytes in Spin-on-Glass (SOG). In this work, the SiO, layers
were prepared from a diluted SOG solution (liquid form of
methylsiloxane, IC1-200, Futurrex). The thickness of SiO, layer can
be controlled by the spinning speed. To prepare a S nm thick SiO,
layer, SOG was spun for 40 s at 5000 rpm and then dried at room
temperature for a few minutes. To prepare the samples for Raman
measurements, the analyte molecules were first dissolved in the spin-
on-glass solution and then spun on under the same conditions. The
analyte molecules used here do not have any chemical reaction with
the SOG. The areal density of analytes can be estimated by the mass
concentration of analytes in the SOG solution. The areal densities of
analytes are estimated by the concentration of analytes and the
thickness of SOG before drying. The volume contraction ratio (V,/
V..et) depends on the concentration of diluted SOG solution and can
be experimentally determined.

Raman Measurements. Three different Raman systems were
used, and all Raman measurements were performed at room
temperature. In the Raman system I, the Raman spectra were acquired
using a confocal Raman microscope. A 1 mW (before the microscope),
532 nm diode laser was used to excite the sample through a 100x
objective (N.A. = 0.9, Olympus) with a laser spot diameter ~2 ym.
The two-dimensional (2D) Raman mapping results were acquired on
two independent systems (Raman systems II and III). The Ramon
system II is a home-built confocal Raman microscope system. A 25—
50 W (after the microscope objective), 532 nm diode laser was used
to excite the samples through a 100X objective (N.A. = 0.9, Olympus)
with a laser spot diameter ~0.25 ym. The Raman system III is a
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Figure 3. AgNP monolayer films as SERS substrates for three different analyte molecules. The areal densities are around 50000 molecules/um?. (a)
Two Raman spectra obtained for a rhodamine 6G (R6G)/SOG layer on quartz (black) and a R6G/SOG layer on AgNP film (red), respectively. (b)
Two Raman spectra obtained for a 4-aminothiophenol (4-ATP)/SOG layer on AgNP film (black) and a 4-nitrothiophenol (4-NTP)/SOG layer on
AgNP film (red), respectively. The spectra were acquired by using the Raman System L

commercial confocal Raman microscope system (LABRAM HR 800
UV, Horiba Jobin-Yvon). A 1 mW (before the microscope), 514 nm
Ar-ion laser was used to excite the sample with a laser spot diameter
~0.7 pm.

Simulations. The finite-difference time-domain (FDTD) simu-
lations were performed by using a commercial package (Lumerical,
FDTD solutions v.7.5). The simulated structures of the nanoparticle
monolayer film adopted the structure parameters measured by
scanning electron microscopy. The in-plane structure (x—y plane) is
a hexagonal close-packed array. The unit cell of investigated structure
is simulated using periodic boundary conditions along the x and y axis,
and perfectly matched layers along the propagation direction of the
electromagnetic wave (z axis). The dielectric function of silver was
adopted from the experimental data by Johnson and Christy.>> The
refractive index of the surrounding medium was assumed to be 153
The simulation mesh with is 0.3 nm, and the periodic boundary
condition is adopted.

B RESULTS AND DISCUSSION

We have previously demonstrated that layer-by-layer assembled
colloidal gold and silver nanoparticle films exhibit strong and
tunable plasmonic response. The adopted self-assembly method
for creatin% nanoparticle films is quite simple, robust, and
scalable.”*”" In this study, AgNPs are chosen as the building
blocks of SERS substrates because of their superior plasmonic
properties among all plasmonic metals. Figure la shows the
field-emission scanning electron microscopy (FE-SEM) image
of one monolayer (1 ML), close-packed AgNP superlattice film.
The diffraction pattern via fast Fourier transform confirms the
long-range ordering of AgNP superlattice.

Besides protecting the AgNPs from ambient-induced
degradation and regulating the formation of hot-spot array,
additional important advantage of thiolate ligands on the
nanoparticle surface is that the collective plasmon resonance
modes of close-packed AgNP films can be varied by changing
the near-field coupling strength between adjacent nanoparticles.
Using this approach, the plasmonic peak position can be tuned
precisely by varying the carbon-chain length of alkanethiolate
ligands and the resulting interparticle spacing.”® This plasmonic
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coupling effect can be readily visualized by the purple and green
colors displayed in the transmission and reflection photographs,
respectively (Figure 1b). Additionally, the measured optical
absorbance of 1 ML AgNP film confirms the plasmonic
resonance at 500 nm (shown in Supporting Information Figure
S1).

Figure lc shows our experimental approach to control the
distance between SERS substrate and analytes. The analytes
were dissolved in SOG solution and then spin-coated on the 1
ML AgNP film. After drying/curing, ultrathin analyte/SOG
glass layers can be prepared reproducibly using this method
since the concentration of analytes is dilute enough that the
viscosity of SOG is not significantly altered. For the
demonstration shown in Figure 1, we utilize CV molecules as
the analytes, which were embedded in a S nm thick SOG layer
with an estimated areal density of about 5000 molecules/um?.
In Figure 2, we show the FDTD simulation results that all of
the analytes can be located in a controllable hot zone and with a
uniform enhancement factor. Our method of introducing
analytes is critical for quantitative SERS measurements because
those analytes distribute homogeneously above the AgNP film
within a precise spatial range for reproducible SERS detection.

Figure 1d shows the Raman spectra of a CV/SOG layer on
an AgNP film, a bare AgNP film, and a bare CV/SOG layer,
respectively. Althought the excitation wavelength of 532 nm is
in the resonant absorption regime for CV molecules, the strong
Raman signal of CV molecules can only be observed with the
AgNP film. This result confirms the Raman enhancement via
the plasmonic resonance of AgNP film (Supporting Informa-
tion Figure S2 illustrates the srong dependendence on the
excitation laser wavelength). In addition, to confirm that this
enhancement effect is generally applicable, we have also tried
different molecules, including rhodamine 6G (R6G), 4-
nitrothiophenol (4-NTP) and 4-aminothiophenol (4-ATP), as
shown in Figure 3. It is important to note that this Raman
enhancement effect cannot be realized if the wavelength of
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showing the SERS intensity mapping (41 X 41 pixels) over a large area of 30 X 30 #m? at the Raman signal of 1177 cm™". (d) Standard deviation is

only 4.3%.
a CV/Spin-on-Glass™
Close-Packed AgNP Film|Cv / Spin-on-Glass|
Quartz | Quartz |
20
15
10
5
€
2o
> s
10
15
-20
20 -15 10 -5 0 5 10 15 20

X (nm)

*1177 1589
:|:100 Counts /620
1300 &
S
° 918
123
>
bt
2]
c
2
i
CV Layer/AgNP Film
100 Integration Time: 10 s
CV Layer
Integration Time: 4000 s
1 " 1 1
600 900 1200 1500 1800

Raman Shift (cm™)

Figure S. Enhancement factor of AgNP SERS substrate. (a) SERS mapping near an edge of an AgNP film. The spectra were acquired by using the
Raman System II and the integration time is 1 s. The whole area is covered by a CV/SOG layer with an estimated molecule areal density of 5000/
um’. (b) Two Raman spectra (vertically offset for clarity) were obtained from a 5000-molecules/um?> CV/SOG layer on AgNP film and a 500000-
molecules/um* CV/SOG layer on quartz, respectively. The enhancement factor can be estimated to be large than 1.2 X 107, which is derived by 300
(Raman intensity ratio at 1177 cm™') X 400 (integration time ratio) X 100 (areal density ratio).

excitation laser does not match with the plasmonic resonance
peak (see Supporting Information Figure S2).

We found that the AgNP film exhibited an excellent Raman
enhancement uniformity for SERS measurements. Figure 4
presents the Raman mapping results from a CV/SOG layer
deposited on the whole imaged area. Figure 4a shows a Raman
linescan with 20 spectra in 15 pm scanning distance and the
intensities of some specific CV Raman peaks (i.e., 1177, 1589,
and 1620 cm™) are displayed in Figure 4b. Figure 4c is a two-
dimensional Raman mapping at the CV Raman peak of 1177
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cm™". The scanning area is 900 ym? and the total number of
imaging pixels are 1681 (41 X 41). As shown in Figure 4c,
every pixel shows a uniform Raman peak intensity. The
standard deviation is only 4.3% (Figure 4d), which is a record-
low value at the ensemble measurement level.' >’ It is worth
pointing out that the detected region presented here was
randomly selected, and consistent spatial uniformity can be
found in the whole SERS substrate.

Uniform hot spot properties across the self-assembled
nanoparticles film is an important prerequisite for achieving
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spatial uniformity in SERS. Here, it is accomplished by the
formation at highly regular thiolate-encapsulated AgNP super-
lattice. Another key requirement is the homogeneous
distribution of analytes in the designated detection hot zone.
The hottest sites on the close-packed AgNP film locate at the
interparticle gap, where are spatially blocked by the
alkanethiolates. According to our FDTD simulations shown
in Figure 2, the mean field intensity in the designated detection
hot zone above the AgNP film is about ten times smaller than
that at the hottest sites, but the spatial uniformity is much
better. Indeed, there is a trade-off between enhancement factor
and spatial uniformity. The optimized detection geometry
adopted in this study could provide both strong enhancement
factor for single molecule detection and high spatial uniformity.
The reported SERS enhancement factor in the literature is
usually quite misleading since the SERS signal changes
significantly across the SERS substrate. Owing to the uniform
SERS signal across the SERS substrate, we could perform a
reliable enhancement factor measurement. Figure Sa shows the
Raman mapping result near the edge of a CV/SOG layer-
covered AgNP film. The Raman mapping is clearly separated
into two regions, revealing the uniform and large SERS
enhancement originated from the AgNP film.

To precisely estimate the enhancement factor, we performed
a control experiment (longer data acquisition time, as shown in
Figure Sb) using the same Raman system and a sample with a
higher concentration of CV in the SOG layer. The estimated
enhancement factor is more than 1.2 X 107, which is sufficiently
high for single-molecule measurements.'” Also, Supporting
Information Figure S3 shows another control experiment in
which an additional SOG dielectric layer is introduced between
the analytes and the SERS substrate. The results show that the
uniformity is better but the enhancement factor is much lower
because of the presence of the additional dielectric layer.
Furthermore, according to the FDTD simulations (Figure 2),
we estimated that the enhancement factor at the hottest sites
on the AgNP film could be large than 10° because the field
intensity is more than ten times stronger. This is consistent
with the previous results reported for nanogaps formed by
colloidal gold nanoparticles.”’ In Supporting Information
Figure S4, we show that large SERS enhancement can also
be observed by using the R6G molecules.

The absolute Raman scattering intensity depends on both
instrumental factors (laser power, optical alignment, resolution
of spectrometer, and sensitivity of detector, etc.) and other
intrinsic properties (scattering cross sections of Raman modes
and wavelength- or polarization-dependence on the excitation
laser, and bonding configuration of molecules with the
substrate, etc.). Therefore, utilizing the Raman intensity to
determine the precise concentration of analytes is very difficult.
Fortunately, using our SERS substrates, the Raman signal from
the alkanethiolate ligands on AgNPs can be utilized as a stable
internal calibration standard for quantitative SERS measure-
ments. The Raman signals of analytes from different instru-
ments are now accountable by normalizing them with respect
to the SERS signal from the internal standard. In Figure 6a, the
SERS intensity of CV molecules change proportionally with
their areal density (50—5000 molecules/ym?) in the 5 nm thick
SOG layer, whereas the SERS intensity of alkanethiolates on
the AgNP surface remains at the same level (original data sets
are shown in Supporting Information Figure SS). Thus, we can
define a normalized/calibrated CV SERS intensity by the ratio
of SERS intensities from CV and alkanethiolate. Figure 6b
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Figure 6. Quantitative SERS measurements. (a) CV-density-depend-
ent SERS spectra (vertically offset for clarity). The spectra were
acquired by using the Raman System I and the integration time is 10 s.
(b) Normalized CV intensity at 1177 cm™ as a function of CV
molecules. The SERS signal of alkanethiolate ligands (octadecane-
thiolates) is utilized to calibrate and normalize the SERS signals
obtained for CV molecules at different areal densities. The areal
densities of CV molecules were varied from 5 to 5000 molecules/um?.
These data are collected from two different Raman instruments. The
black and red points are obtained by using the Raman Systems I and II
(some representative Raman spectra are shown in Supporting
Information Figure SS), respectively. The error-bar shows the standard
deviation of SERS intensities at different sample locations. The error
bars are larger at ultralow density levels because of the statistical nature
of a Poisson distribution, where the error bars are proportional to
1/\/N (N is the number of events).

shows that the normalized/calibrated SERS intensities of
different CV/SOG layers exhibit a well-defined linear response
(correlation coefficient R > 0.999) over a wide areal density
range (5—5000 molecules/um?*). Note that these data points
are collected from two Raman measurement systems using
different measurement conditions. According to our measure-
ment results, this linear relationship can be used as a universal
areal density ruler for analyte molecules, such that any analyte
density can be quantitatively determined by the normalized
(calibrated) analyte SERS signal.

It should be noted that the present approach of embedding
analytes in an ultrathin spin-on-glass layer is for a proof-of-
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concept experimental study of quantitative SERS. Using this
method, we can achieve both strong Raman enhancement
factor for single-molecule detection and high spatial uniformity
across the SERS substrate. However, it might not be suitable for
all analytes to be detected. For the general-purpose SERS
applications (especially for the case that analytes are in liquid
solutions), we still can use an ultrathin, analyte-free SOG layer
on the alkanethiolate-regulated AgNP film (SERS substrate) to
control the Raman enhancement factor and to achieve high
spatial uniformity, whereas the analytes are dispersed in the
nearby medium by using, for example, a microfluidic system.'*
To achieve evanescent detection near the SERS substrate, the
total-internal-reflection (TIR) excitation techniqure®*** can be
applied to perform TIR Raman spectroscopy.’® ** Using this
experimental technique, the ultrathin SOG layer with a properly
functionalize surface allows for highly uniform SERS hot-zone
and the evanescent excitation of TIR makes sure that only the
analytes in close proximity to the SERS substrate are detected.
One additional advantage is that the built-in internal SERS
standard (thiolate ligands) in this quantitative SERS approach
is not affected by the location of analytes (within the SOG layer
or in the optical evanescent field).

H CONCLUSION

Reliable, scalable, and tunable SERS substrates are developed
for quantitative SERS measurements at the single-molecule
level. This is achieved by the precise control of SERS
enhancement factor and detection hot zone using ligand-
regulated silver nanoparticle superlattices with a built-in
internal standard. Several model molecules have been
demonstrated in this study. We expect that the establishment
of quantitative SERS technique for single-molecule detection
will open up many exciting opportunities for both fundamental
and applied research areas.
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Plasmonic resonance of AgNP monolayer film (Figure
S1), Raman experiments at different excitation laser
wavelengths (Figure S2), a control experiment confirm-
ing that the Raman signal can be enhanced by avoiding
anomalously hot detection sites on the SERS substrate
(Figure S3), enhancement factor of AgNP SERS
substrate via R6G molecules (Figure S4), and Raman
measurement results at extremely low CV densities
(Figure SS). (PDF)
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