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ABSTRACT: Performance of portable technologies from mobile
phones to electric vehicles is currently limited by the energy density
and lifetime of lithium batteries. Expanding the limits of battery
technology requires in situ detection of trace components at
electrode−electrolyte interphases. Surface-enhance Raman spectros-
copy could satisfy this need if a robust and reproducible substrate
were available. Gold nanoparticles (Au NPs) larger than 20 nm
diameter are expected to greatly enhance Raman intensity if they can
be assembled into ordered monolayers. A three-phase self-assembly
method is presented that successfully results in ordered Au NP
monolayers for particle diameters ranging from 13 to 90 nm. The
monolayer structure and Raman enhancement factors (EFs) are
reported for a model analyte, rhodamine, as well as the best
performing polymer electrolyte salt, lithium bis(trifluoromethane)sulfonimide. Experimental EFs for the most part correlate with
predictions based on monolayer geometry and with numerical simulations that identify local electromagnetic field enhancements.
The EFs for the best performing Au NP monolayer are between 106 and 108 and give quantitative signal response when analyte
concentration is changed.
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■ INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) exhibits con-
siderably magnified vibrational signatures of extremely low
concentration molecules.1,2 This opens new avenues for rapid
and sensitive detection of analytes in numerous fields such as
lithium battery electrodes,3 catalysis,4 explosive detection,5

biosensing,6−9 and food safety.10 After years of debate, it is now
commonly accepted that the SERS effect primarily originates
from coupling of incident laser light with the localized surface
plasmon resonance (LSPR) of nanostructured metal surfaces
leading to gigantic field enhancement, thereby enhancing the
Raman cross section of the analyte.11 Surface plasmon
resonance is the result of collective oscillations of valence
electrons in resonance with incident light. It is localized by
structures, such as nanoparticles (NPs), whose dimensions are
smaller than the wavelength, thus creating a locally amplified
electromagnetic (EM) field. The EM field is further enhanced
in narrow gaps or regions between NPs due to near-field
coupling.12 Further, this effect is pronounced in NP assemblies
that contain surface sites (i.e., hot spots) where the field can be
enhanced as much as 100-fold. SERS enhancement can ideally
reach a factor of 108 as it scales with the EM field to the fourth

power. Early efforts of SERS active substrate development were
largely focused on rough metal surfaces or random nanoparticle
(NP) agglomerates due to the ease for experimental
realization.13 However, the random distribution and orientation
of the EM hot spots on those types of SERS substrates cast
innumerable hurdles for the reproducible, precise, and
quantitative SERS analysis.
Ideally, reproducible SERS substrates would consist of large-

scale periodic arrays of hot spots that are consistent through
space and stable in time. Two approaches have been taken to
fabricate such substrates: “top-down” lithography and other
pattering techniques14−17 and “bottom-up” self-assembly.18−20

While the former allows accurate control over the geometric
nanostructures and hence the SERS response, it suffers from
low throughput, high cost, and difficulty in achieving sub-5 nm
features. On the other hand, the “bottom-up” approaches allow
one to self-assemble metallic NPs into two-dimensional (2D)
plasmonic arrays with sub-5 nm interparticle gap in a more
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rapid and cost-effective manner, thus attracting considerable
scientific interest in recent years.11,13,21 These nanoscale gaps
are easily controlled with nanoparticle surface functionalization,
for example with grafted molecules. With recent developments
in nanoparticle assembly, large-scale ordered monolayers can be
formed22 and deposited on solid substrates.20 Therefore,
substrates with regular, reproducible structure are possible.
Exceptionally intense EM fields are expected where the hot
spots reside,13 but the exact location and intensity of such hot
spots are unknown for large collections of NPs due to EM
coupling among the various NPs. This has been practically
addressed by immobilizing analytes above but in close
proximity to NP monolayers.23

As SERS-active nanoscale objects, gold nanoparticles (Au
NPs) have been under intensive study due to their ease of
synthesis, high Raman sensitivity, and stability.24 So far, many
strategies have been developed in assembling Au NPs into 2D
arrays, including drop-casting,25 electrophoresis deposition,26,27

Langmuir−Blodgett technique,28 liquid−liquid interfacial self-
assembly,20,22 and liquid−air interfacial self-assembly.29 While
these self-assembly techniques have been successfully applied to
regulate small Au NPs (diameter less than 15 nm) to form 2D
periodic arrays, it still remains challenging to self-assemble
larger Au NPs into well-ordered large-scale 2D arrays. This is
because the long-range van der Waals attractions rapidly
increase as the NP size increases whereas the ligand chain
mobility decreases on the NP planar facets,30 leading to the
formation of the unmanageable multilayer films or aggregates.
Wei et al. overcame this limitation using a custom calixarene-
based surfactant of multiple alkylthiol tails.31 We consider our
approach superior due to its versatility. As we show, it is
insensitive to NP size and ligand length. The large Au NPs are

desired because the optimum size of metallic NPs for maximum
SERS enhancement has been found within 20−70 nm,32 with
the SERS enhancement factor (EF) up to 107,33 sufficient for
the single molecular detection.34 To unlock the potential of
large Au NPs applied for practical SERS, several approaches
have been used to develop a self-assembly strategy for large Au
NPs. For example, large NPs have been assembled into 2D
arrays at hexane/water interfaces.35−37 The concentration
required to form a monolayer was particle size dependent.
Wei et al. designed a calixarene-based surfactant of multiple
alkylthiol tails to balance increased van der Waals force for large
Au NPs.31 Despite its simplicity, this method requires crucial
choice of custom ligand (i.e., highly repulsive locally but
sufficiently thin to keep small interparticle gap).31 Recently,
Yao et al. employed polyvinylpyrrolidone (PVP) to facilitate
the self-assembly of 45 nm Au NPs into monolayers at the air/
water interface.38 Because of large interparticle spacing, these
monolayers are not of interest for SERS. The aforementioned
approaches rely on concentration or chemistry to stabilize large
Au NPs, which limits the ability to control NP surface coverage
and chemistry.
We have developed a technique that can functionalize 13 nm

Au NPs with ligands ranging from small molecules to polymers
and assemble them into monolayers.39 It uses sequential
migration from a liquid−liquid interface, where ligand attach-
ment occurs, to a liquid−air interface, where assembly occurs.
The NP surface coverage is controlled by the residence time at
the liquid−liquid interface, which gives greater flexibility in
tuning the concentration of ligand. The spontaneous trans-
location of Au NPs from water/organic interface to water/air
interface is a result of the minimization of the Helmholtz free
energy, which is NP size-insensitive. Herein, we demonstrate

Figure 1. Upper: TEM images of various Au NPs dried from as-synthesized aqueous Au NP colloids. Lower: the corresponding radius histograms
with fitted Gaussian distributions (gray dashed line). The scale bar is 100 nm for all TEM images.

Table 1. Related Length Scales of Different Au NP Monolayers

Sample ID D (nm) dc‑c (nm) D/dgap h (nm) λd (nm)

S13Au 12.7 ± 1.2a 15.2 ± 0.1 5.1 ± 0.5 15.4 ± 0.7 14.8 ± 0.3
S40Au 36.7 ± 2.8 38.3 ± 0.5 22.9 ± 1.8 41.5 ± 2.1 39.7 ± 2.0
S60Au 56.0 ± 3.4 59.7 ± 1.0 15.1 ± 1.0 59.3 ± 2.8 57.5 ± 3.7
S90Au 91.7 ± 6.0 93.5 ± 0.8 50.9 ± 3.4 95.4 ± 5.9 93.6 ± 5.3

aNote: this value was measured by small-angle X-ray scattering (SAXS).77
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that the three-phase self-assembly technique can be extended to
regulate large Au NPs up to 92 nm to form Au NP monolayers.
The monolayers have a long-range ordering, with a local
hexagonally close-packed (HCP) structure. We further
demonstrate that the optimized Au NP arrays exhibit SERS
enhancement factors (EFs) up to 107 for the model analyte
rhodamine (R6G) and high performance battery electrolytes
such as lithium bis(trifluoromethane)sulfonimide salt (LiTFSI).

■ RESULTS AND DISCUSSION
Au NP Size Distribution. TEM images in the upper panel

of Figure 1 indicate that the as-synthesized Au NPs using seed-
growth method are for the most part spherical. Statistical
analysis of the TEM images shows that all Au NP samples have
low size dispersity (less than 8%) with a Gaussian distribution.
The average particle diameters, D, are listed in Table 1.
Au NP Monolayer Self-Assembly. As shown in Scheme

1a, a triphase system composed of water, oil, and air was used
to assemble Au NPs into monolayers.39 Ethanol was added to

the system, increasing the particle/water surface tension, γP/W,
40

decreasing NP surface charge, and driving the Au NPs to the
water/oil interface (Scheme 1a, step I). At the water/oil
interface, alkylamine ligands replace ethanol and residual
negative charge on the Au NP surface.12,22 This allows self-
assembly to begin in the form of small islands. The Au NP
islands rapidly move to the water/air interface where they
coalesce into a monolayer (Scheme 1a, step II). This monolayer
was then deposited on solid substrates by removing the water.20

The three-phase system is theoretically insensitive to NP size.
In this study, we experimentally test this prediction. Shown in
Scheme 1b, it has been proposed by similar studies that a NP
will remain at a liquid/liquid interface if the contact angle
between the particle and the interface is 90°, i.e., γP/W =
γP/O.

41,42 Thus, the interfacial energy change due to the
translocation of a NP from the water phase to the oil/water
interface can be written as43

π γΔ = −E rO/W
2

O/W (1)

Recognizing that a dense NP under the force of gravity cannot
fully reside in air, the condition for it to remain at a water/air
interface is γP/A ≥ γP/W. Thus, the interfacial energy change for
a NP moving from water to a water/air interface is39

π γΔ ≤ −E rW/A
2

W/A (2)

The minimum free energy difference (ΔEdrive) to drive a NP
from the oil/water interface to the water/air interface is the
difference of eqs 1 and 2.

π γ γΔ = Δ − Δ ≤ − −E E E r ( )drive W/A O/W
2

W/A O/W (3)

The water/air surface tension is γW/A = 71.9 mJ m−2,44 and the
interfacial tension between the oil phase and water is γO/W =
50.7 mJ m−2.39 Therefore, the driving force for Au NPs to move
from the oil/water interface to the water/air interface is ΔEdrive
≤ − 21.2 (mJ m−2)·πr2. Since r > 0, ΔEdrive is negative for all
NP sizes, indicating that a NP will spontaneously move from
the oil/water interface to the water/air interface regardless of
size. However, the magnitude of the driving force, ΔEdrive,
depends on the square of NP radius. Consequently, ΔEdrive
increases rapidly from that for S13Au to that for S90Au (Table
2). It is worth noting that for each Au NP size ΔEW/A is orders

of magnitude greater than the thermal fluctuation energy, which
is the driving force for detaching a NP from an interface.42 So,
once assembled at the water/air interface, the monolayers are
stable until deposition.

Au NP Monolayer Characterization. The SEM micro-
graphs in Figure 2a demonstrate that each of the four sizes of
Au NP was successfully assembled into monolayers using the
three-phase method, in agreement with the theoretical

Scheme 1. (a) Protocol of Self-Assembling Aqueous Au NPs
into a 2D Monolayer;a (b) Qualitative Interfacial Free
Energy Diagram for a Single Au NP at Water Phase (EP/W),
Oil Phase (EP/O), and Air Phase (EP/A)

b

a(I) upon ethanol addition, the Au NPs relocate from water phase to
the water/oil interface, where the alkylamine ligands attach to the Au
NP surface. (II) The Au NPs spontaneously move to the water/air
interface from the water/oil interphase to form a monolayer there.
bWhen at two-phase interfacial area, the Au NP has a lower surface
free energy than that when NPs are dispersed in a single phase.
However, the decrease of the total free energy for an Au NP at the
water/air interface is larger than that at the oil/water interface (i.e.,
ΔEW/A > ΔEO/W). Thus, the free energy difference is capable of driving
Au NPs from the oil/water interface to the water/air interface. We
denote the phase in contact with water as “α” (α is either oil or air).
The interfacial energy originates from three contributions, namely, the
particle−α surface tension, γp/α, the particle−water surface tension,
γp/W, and the α−water surface tension, γα/W. “θα/W” Represents the
contact angle between the particle and the α/W interface and is related
to the three contributions of the interfacial energy by Young’s
equation,42 cos θα/W = (γp/α − γp/W)/γα/W.

Table 2. Driving Force, ΔEdrive, To Relocate NPs from the
Water/Oil Interface to the Water/Air Interface of Each Au
NP Monolayer

sample ID ΔEdrive (mJ) ΔEdrive/kbTa

S13Au 2.69 × 10−15 6.53 × 102

S40Au 2.25 × 10−14 5.47 × 103

S60Au 5.21 × 10−14 1.27 × 104

S90Au 1.40 × 10−13 3.40 × 104

aBoltzmann constant kb = 1.38 × 10−20 mJ K−1 and with temperature
T = 298 K.
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prediction.39 The monolayers were of decent order across a
significant area. There appears to be a minor but noticeable
increase in defect density with increasing NP size. This could be
due to either ΔEdrive increasing with increasing NP size or to
mobility decreasing with increasing NP size. Lower mobility
would limit the ability for defects to be removed via NP
rearrangement at the water/air interface. SEM images (Figure
S1) of lower magnification show that the Au NP monolayers
maintain order over areas up to 300 μm2, which is at least 1
order of magnitude higher than that which is required for
making uniform NP-based SERS wafers.13 TEM images (Figure
2a, inset) of higher magnifications indicate that the Au NP films
have a local HCP structure. The lack of overlapping features
also demonstrates that the films are a single layer. The order of
the Au NP films in Figure 2a is in sharp contrast to the
structure of drop-cast NPs, as shown in the upper panels of
Figure 1. The three-phase self-assembly technique does not
exhibit an obvious Au NP size selection effect. In fact, the NP
size distribution after the self-assembly process (Table S3) is
not statistically different from that of the aqueous colloid. This
is in agreement with eq 3 that predicts a size insensitivity for
the three-phase self-assembly method. To further evaluate this
point, we assembled an NP monolayer using an equivolume
mixture of S13Au and S90Au NPs. The Au NPs of both sizes

assembled together are shown in the TEM micrograph of
Figure S2.
The center-to-center distance (dc‑c) of the NPs was

quantified by statistically analyzing TEM micrographs. The
result of this analysis is the radial distribution function, g(r),
which is shown in Figure 2b for monolayers of each NP size.20

At least three monolayers were analyzed for each NP size. The
primary peak of g(r), indicated by an arrow in Figure 2b,
represents dc‑c and is reported in Table 1. dc‑c increases from
S13Au film to S90Au film, which is due to the increased average
NP diameter. The interparticle gap, dgap, can then be calculated
by dgap = dc‑c − D.20 The dgap values of S13Au and S60Au are
approximately twice those of S40Au and S90Au. The full width
at half-maximum of the primary g(r) peak normalized to D is
also larger for S13Au and S60Au than for S40Au and S90Au.
We suspect this is related to the slightly larger maximum areal
ligand densities used in preparing S13Au and S60Au films (see
Methods section for details). The gap between particles is filled
with ligand. Therefore, excess ligand can swell dgap and increase
the distribution of gap sizes.
The local field enhancement increases strongly as the

dimensionless ratio, D/dgap, increases for Au NP monolayers.45

This ratio is reported in Table 1. It is smallest for S13Au and
largest for S90Au, indicating that the absolute magnitude of D
plays a dominant role when fixed ligand length is used. We have
shown in previous work that dgap can be controlled by ligand
length.12 S40Au has a larger D/dgap ratio than S60Au due to
S60Au having a larger dgap than S40Au. This is due to S40Au
having the lowest maximum areal ligand density and S60Au
monolayers containing more defects than S40Au monolayers.
AFM was used to validate the TEM analysis of the structure

and dimensions of the Au NP films. The 3D AFM
reconstruction of each Au NP film is shown in Figure 3.
Measurements were taken near the edge of each Au NP film, so
that the height profile between the top of the NP film and the
Si wafer could be extracted. For each Au NP film, the center-to-
center distance, dc‑c, was calculated from a line profile along the
dashed line in each 3D reconstruction. Line profiles are shown
below the corresponding 3D reconstruction in Figure 3. The
average wavelength of the line profile, λd, is equal to the center-
to-center distance, dc‑c, of each film. The value of λd was
calculated by dividing a known distance, L, by the number of
periods, n, in the line profile. The average height and
wavelength values obtained from AFM images for each Au
NP film are included in Table 1. It is worth noting that the
average height, h, is slightly larger than the corresponding Au
NP diameter, D, possibly because the AFM tip scans the top of
the outer ligand shell of each NP. The difference between the
AFM height, h, and the average diameter, D, is from 3 to 5 nm
for different Au NP films, which corresponds to one or two
C18-NH2 alkyl chain lengths.12 As shown in Table 1, the
wavelengths, λd, obtained from AFM agree reasonably well with
dc‑c from TEM.

Au NP LSPR Analysis. As reported by Nordlander et al.,46

the plasmons of complex NP assemblies can be treated as a
hybridization of individual nanoparticle plasmons. Thus, it is of
interest to perform detailed analysis of the LSPR bands of
individual nanoparticles before examining monolayer assem-
blies. Individual Au NP LSPR was measured using UV−vis
spectroscopy on dilute aqueous Au NP dispersions. The
spectrum from each Au NP size is shown in Figure 4. In
agreement with many other literature reports, the SPR
maximum red-shifts with increasing the NP size.47 Also

Figure 2. (a) SEM and TEM (inset) images of various Au NP
monolayers deposited on silicon wafers and carbon-coated TEM
copper grids. The scale bar is 100 nm for all TEM images. (b) Plot of
normalized radial distribution as a function of the radial distance for
each Au NP monolayer. The arrow indicates the primary peak, with
the x-axis value corresponding to the average center-to-center distance,
dc‑c, of each Au NP monolayer.
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shown in Figure 4 are simulated extinction spectra for each Au
NP size. Loss of electromagnetic energy due to light interacting
with matter (i.e., extinction) results from two contributions:
scattering and absorption.48,49 Each of these contributions was
calculated separately using FDTD simulations and is also
reported in Figure 4. For each Au NP size, the simulation
results are reported as a dimensionless Mie efficiency that is
obtained by dividing the optical cross section by the physical
cross-sectional area (i.e., πR2). It is worth noting that the total
extinction efficiency increases with the increasing NP size, from
0.8 for S13Au to 6.5 for S90Au. It is also apparent that the
absorption and scattering efficiencies are strongly dependent on
NP size. For S13Au, the extinction efficiency is almost
completely dominated by absorption. As the NP size becomes
larger, the portion contributed by scattering increases
dramatically as expected. For S90Au, absorption and scattering
contribute to extinction almost equally. From Figure 4 (also see
Table S3), our simulated results agree reasonably well with the
experimental results. Our results are in close agreement with
calculations reported earlier by El-Sayed et al. using full Mie
theory.50 They found that nearly all the contribution to

extinction was from absorption for Au NPs smaller than 20 nm.
Above the threshold of 40 nm, the scattering to absorption
ratio started to increase.
The LSPR of each Au NP monolayer was studied by UV−

vis−NIR spectroscopy. The results are shown in Figure 5.
Unlike the isolated Au NPs whose LSPR peaks are limited to
the visible light region, the Au NP monolayers have LSPR
absorbance that extends into the NIR. According to Mie
theory,51 the LSPR extinction efficiency depends on the particle
size, shape, composition, and the dielectric constant of the
surrounding medium. A significant LSPR band red-shift was
observed for the Au NP monolayer deposited on the glass
slides compared to its Au NP colloidal counterpart. When two
NPs are brought close to each other, the near-field of one NP
interacts with that of its neighbor, coupling the plasmon
oscillations.52 The coupled SPR mode is known to be
determined by the interparticle gap, dgap;

47,53 i.e., the smaller
the interparticle gap, the stronger the interparticle coupling and
hence the larger is the SPR band red-shift.12 Thus, the SPR
maximum position and the bandwidth can be ascribed to the
synergetic effects of the single NP plasmon oscillation and the

Figure 3. Upper panels: 3D AFM reconstruction of each Au NP monolayer taken near film edge. Lower panels: 1D AFM height profile taken along
the dashed line in each 3D AFM reconstruction. The value of L corresponds to four wavelengths of the horizontal AFM line profile of each sample.
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plasmon coupling oscillation.54 We use the NP diameter to
interparticle gap (D/dgap) ratio to better quantify this point. For
reference, the LSPR maximum of the 40 nm aqueous colloid is
24 nm smaller than that of the 60 nm aqueous colloid at 550
nm. However, the S40Au film has a slightly larger wavelength
LSPR than that of the S60Au film (Table S3). This is due to
S40Au having a larger D/dgap ratio. In this work, we have

focused on the LSPR properties of neat Au NP monolayers, but
we note that the presence of analyte can modify the local
dielectric constant and affect the LSPR. In future work, we will
investigate such effects with analytes that do not fluoresce.
It is also worth noting that there are secondary peaks in the

UV−vis−NIR spectrum of each monolayer. Details of peak
location determination are described in the Supporting
Information. Taking S90Au as an example, secondary peaks
occur at 560, 608, 824, and 1031 nm. The contribution of
multipolar resonances to total scattering has been shown to
increase with increasing particle size.55−57 In accordance with
this literature, we attribute these secondary peaks to higher
order multipolar resonances.

Au NP Monolayer SERS Properties. Analytical molecular
detection with SERS is quite promising for sensitive measure-
ments of adsorbed and nearby molecules. Therefore, we further
investigated the potential of Au NP monolayers for SERS
applications. Rhodamine 6G (R6G) was used as a model
Raman analyte to evaluate the SERS performance of the Au NP
monolayers. A laser wavelength of 785 nm was used to achieve
good Raman signal while minimizing background fluorescence.
This wavelength is in close proximity to or within the major
SPR bands of the S40Au film, S60Au film, and S90Au film
(Figure 5). One would expect a shorter wavelength laser to be
optimal for S13Au film, but background fluorescence became
problematic when we attempted to use a 638 nm laser. Raman
spectra of R6G on each of the Au NP films are shown in Figure
6a. Numerous bands are apparent. Also shown in Figure 6a is

Figure 4. Comparison of the experimental UV−vis absorbance and FDTD simulated absorbance efficiency for each Au NP colloid. The simulated
absorbance efficiency is contributed by absorption (squares) and scattering (triangles). The inset is a photograph of 1 mL of each Au NP colloid in a
transparent polystyrene cuvette. The color of aqueous Au colloids is due to the sum of the effects of visible light absorption and scattering.81

Figure 5. UV−vis−NIR absorption spectra of different Au NP
monolayers deposited on glass slides. For reference, the SPR
maximum of the corresponding Au NPs dispersed in water are
shown as data points. The gray dashed line represents the Raman laser
wavelength at 785 nm. Each spectrum is normalized by its absorbance
maximum.
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the Raman spectrum of R6G on a bare silicon wafer. In
contrast, no Raman bands can be seen at this scale without the
enhancement of the Au NP monolayers. The Raman signal
without surface enhancement is orders of magnitude lower than
with enhancement due to the low cross section of the normal
Raman scattering.58 This indicates that the Au NP monolayers
used in this study have promising SERS activity, with S40Au
film and S90Au film showing the strongest intensity for most
R6G Raman bands. It is noteworthy that a large background
signal was observed with the S90Au film. This is most likely due
to significant fluorescence enhancement by secondary LSPR
peaks of S90Au at short wavelength.59 The Raman scattering
enhancement factor (EF) of the Au NP monolayers was
calculated by20

=
⎛
⎝⎜

⎞
⎠⎟

I
I

EF SERS

o

2

(4)

ISERS is the peak integration of the enhanced Raman band, and
Io is the integration of the corresponding normal Raman band
on silicon. Since the laser is incident normal to the film surface,
detection occurs in backscatter configuration, and R6G has
uniaxial Raman tensors;60 eq 4 is a good approximation for the
magnitude of SERS enhancement.61 In fact, we have found eq 4
to slightly underpredict EF as compared to explicitly accounting
for the number of molecules involved in normal Raman
scattering and those detected by SERS. We prefer the simplicity
of eq 4 because it allows us to subtract background fluorescence
contribution to the Raman signal. For R6G we used the C−O−
C stretching band at 1280 cm−1 (Figure 6b) and the aromatic
C−C stretching band at 1650 cm−1 (Figure 6c) to perform the
EF calculation. The average R6G areal density on the substrate
was estimated to be 1 × 10−10 mol/mm2 based on the R6G/
ethanol droplet volume, concentration, and contact area with
the substrate (7 mm2). The EF of S40Au film is 6.2 × 107 for
C−O−C stretching and 3.6 × 107 for that of the S90Au film.
These values are an order of magnitude larger than those for
S13Au at 3 × 106 and for S60Au at 6 × 106. For all Au NP
monolayers, there are slight differences between EFs calculated
from different vibrations. This is to be expected because the
surface enhancement is due to not only LSPR enhancement of
incident radiation but also enhancement of Raman scattered
radiation.11 The LSPR of S40Au film is located at shorter
wavelength but close to the incident laser wavelength (see
Figure 5). Therefore, the enhancement of Raman scattering is

expected to be greater for peaks with smaller Raman shift,
which is the case. Another consideration when Raman band-
dependent EF is observed is the proximity and orientation of
each molecular bond with respect to the hot spots.62 On the
basis of these findings, we cannot comment on this
contribution.
Besides large Raman scattering enhancement, other require-

ments for a reliable SERS substrate include good spatial
homogeneity, long shelf life, and ability to quantify analyte
concentration.63 We use the S40Au NP monolayer to
demonstrate the spatial homogeneity of the Raman intensity.
As shown in Figure 7a, SERS spectra of R6G were collected
from 105 different locations. The inset of Figure 7a shows a
histogram of the 1650 cm−1 (aromatic C−C stretching)
integration at each location. A small relative standard deviation
(RSD = 3.1%) demonstrates the homogeneous SERS response
across the length scale of 1.2 mm on the Au NP monolayer.
The total size of the Au NP monolayer is on the order of 10
mm2, which is sufficient for applications such as analyte
detection. There are no inherent limitations to scaling up the
three-phase assembly method which is limited only by the
quantity of Au NP colloid and the substrate dimensions.
The shelf life of our monolayers was evaluated by examining

the SERS performance of the S40Au film after 8 months
storage at room temperature. The R6G SERS spectrum on the
stored film compared to that on a freshly deposited S40Au
monolayer is shown in Figure 7b. Although the peak
integration at 1280 cm−1 band (inset of Figure 7b) shows a
small decrease (18% ± 2%) in SERS activity after 8 months, the
Raman bands of the R6G were still clearly apparent.
We evaluated the quantitative accuracy of the Au NP

monolayers as SERS substrates by using different concen-
trations of R6G. In order to do so, 1 μL of R6G ethanol
droplets ranging from 50 nM to 1 mM were placed on the
S40Au films and dried. As shown in the log−log plot of Figure
7c, the integrated C−O−C stretching band intensity at 1280
cm−1 increases in a power law fashion (power = 0.4) with R6G
concentration, which is in good agreement with our previous
study20 and those of others.64 It is worth noting that the lowest
R6G concentration detection limit for S40Au monolayer is 10−8

M, 3 orders of magnitude lower than that detectable by the 13
nm Au NP film in our previous report.20 The detection limit for
the large Au NP monolayer fabricated using the triphase
method is also comparable with 2D ensembles of gold
nanorods self-assembled at a liquid−liquid interface.65 The

Figure 6. (a) SERS spectrum of R6G dried from ethanol solution (1 μL, 1 mM) on various Au NP monolayers. For contrast, normal Raman
spectrum was collected from R6G on silicon substrate as a reference. The more detailed SERS spectra of (b) C−O−C stretching (νC−O−C) and (c)
aromatic C−C stretching (νC−C) for R6G.
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Au NP monolayers assembled using three-phase method are
promising for quantitatively detection of trace amount of
analytes on solid substrates.
The last SERS property we tested on the 40 nm Au NP

monolayers is their versatility in enhancing the Raman
scattering from other analytes, such as LiTFSI used in polymer
electrolytes for lithium batteries. LiTFSI was dissolved in N-
methyl-2-pyrrolidone (NMP) at 0.1 mM. Shown in Figure 8a,
the SERS spectra of LiTFSI/NMP solution collected from
different Au NP monolayers exhibit several prominent Raman
bands that can be attributed to TFSI− and NMP. The SERS
bands between 555 and 715 cm−1 are attributed to the
molecular bond vibrations related to sulfur in TFSI−. For
example, the band at 618 cm−1 represents the out-of-plane O−
S−O asymmetric bending (δaSO2

).66 The bands between 857
and 987 cm−1 can be assigned to the ring modes of NMP.67

The peak at 1303 cm−1 is attributed to NMP −CH2 twisting
(τCH2

),68 and the small group of peaks between 2849 and 2985
cm−1 is attributed to −CH2 stretching in NMP. Peak
assignment details can be found in Table S5. The EFs were
quantified using δaSO2

of TFSI− (Figure 8b) and τCH2
of NMP

(Figure 8c).
The EFs of all analytes examined in this study are shown in

Figure 8d as a function of the D/dgap ratio. For LiTFSI and
NMP the EFs calculated for S13Au, S60Au, and S90Au are
smaller than 105, whereas the EF for S40Au reaches 106. The
SERS EFs of LiTFSI/NMP solution are 1−3 orders of
magnitude lower than those of solid R6G. This can be
attributed to the specific affinity of R6G for gold.69 The
molecular orientational averaging of the liquid analyte
molecules may also contribute to lower Raman intensity.62

We also notice from Figure 8b,c that the same analytes exhibit
slightly different Raman bands at the same Raman shift region
on different Au NP monolayers. This might be explained by the
Raman noncoincidence effect.70 More specifically, the geometry
of the interparticle gap is different among Au NP monolayers,
possibly resulting in different preferred orientations of NMP
molecules and solvated TFSI− anions versus the hot spot of
various NP films. Thus, the isotropic and anisotropic Raman
components of each species appear at different positions. In any
case, the Raman signal of this lithium salt at low concentration
demonstrates the feasibility of using our robust Au NP
monolayers as SERS substrates for studying lithium batteries.
We anticipate this approach being of particular interest for
investigating the solid electrolyte interphase that forms between
battery electrodes and electrolyte.

FDTD Simulation and Analytical Calculation. To
investigate the hot spot distribution on various NP monolayers,
we performed 3D FDTD simulations by numerically solving
Maxwell’s equations.39 In this work we report the distribution
of enhancement factors eq 4 across HCP films of each NP size.
The simulation results are shown in Figure 9a. The maximum
simulated EF order increased from 105 for S13Au NP
monolayer to 108 for S40Au film and S60Au film and to 109

for S90Au film. The orders of magnitude increase in EFs for
large Au NP monolayers clearly demonstrates that they are
promising candidates for sensitive SERS substrates. It is also
apparent from the simulated EF maps that complex LSPR
coupling occurs among the collection of NPs. The nanoparticle
dimer is the simplest but important prototypical coupling
system for studying the EM field enhancement, and the dimer
plasmons can be considered as the combination of the

Figure 7. (a) Spatial homogeneity demonstration of the SERS
performance using the S40Au monolayer. The SERS spectra were
collected from seven different positions at least 200 μm apart from
each other. The spectra were collected from 15 locations (point-to-
point distance = 4 μm) in a rectangular frame from each position. Inset
is the integrated intensity of the R6G aromatic C−C stretching band
from 1620 to 1750 cm−1. (b) Long-term SERS stability demonstration
using the S40Au monolayer. The SERS spectra of R6G (0.1 mM
ethanol solution dried on Au monolayer) were taken from a freshly
deposited S40Au film (black line) and from an S40Au film after 8
months (red line). Inset shows the peak integrated C−O−C band at
1280 cm−1 for both samples. The error bar stands for the standard
deviation of three measurements of three locations randomly chosen
from each sample. (c) The log−log plot of the C−O−C stretching
band integration versus the R6G/ethanol solution concentration and
its power law calibration curve.
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individual NP plasmonic dipole moments.46 And if the
polarization direction of the incident light is parallel to the
NP center-to-center axis (interparticle axis), the hot spot of the
maximum EF is usually found on the interparticle axis at the
NP surface.71 However, the EM-field spatial distribution on an
HCP NP matrix is intrinsically more complicated than that of a
NP dimer due to the overlap of the dipolar and multipolar
plasmon modes.72 Thus, it is of interest to study the spatial
distribution of the EF in more detail for these Au NP
monolayers. As shown in Figure 9a, lower panel, the orders of
EFs in the vicinity of a reference NP are marked by arrows. For
all Au NP films, the maximum EF is not along the interparticle
axis. This may be because the polarization direction of the
incident light was not parallel to the interparticle axis. To
further quantify the spatial distribution of the maximum EF
value for each Au NP monolayer, we studied the distance
between the hot spot and the reference NP surface, dhs, and the
angle, θh, between the NP center-to-hot spot line and the
interparticle axis (see Figure 9b schematic). In Figure 9a, white
dashed lines intersect a maximum EF (hot spot) near a
reference NP. The 1D EF profiles along these lines are shown
in Figure 9b. The surface of the reference NP is denoted by a
short, vertical, gray dashed line in Figure 9b. The hot spot was
found to be close to the reference NP surface for all samples.
The small values of dhs for all Au NP monolayers further
validate the near-field enhancement mechanism for all Au NP
monolayers.12 θh is also reported in Figure 9b. It is smallest for

the S40Au film (1.68°) and an order of magnitude higher for
the other three Au NP monolayers. The value of θh appears to
be dependent on the polarization vector, E, constituent Au NP
size, and interparticle spacing. More detailed FDTD study on
the polarization angle effect on the SERS of various Au NP
films is ongoing.
In addition to the location of maximum EFs, we observe

regions where the EF is less than one. This means that the local
EM intensity is less than the incident EM intensity. A black
dotted line intersects these EF minima in Figure 9a, lower
panel. The 1D EF profiles along these lines is shown in Figure
9c, and the interparticle axes are denoted by vertical dashed
lines. These regions of destructive plasmon interference occur
where the interparticle axis is orthogonal to the polarization
vector, E. We attribute this phenomenon to the destructive
interference of induced electron oscillations among adjacent Au
NPs in the HCP unit cell. For nanocube dimers, there is one
recent report of cold spots,73 but we are not aware of any
reports of cold spots in NP assemblies.
The decreased interparticle gap between Au NP dimers

resulted in a stronger EM coupling and hence a larger EM field
in the vicinity of the gap.74 In addition, the constituent NP size
cannot be ruled out from contributing to the enhanced EM. It
has been found that with the NP size increase, the retardation
effects becomes more important,75 and the NP polarizability
increases modestly.76 This in turn affects the enhanced EM field
across the Au NP monolayers with a certain incident light

Figure 8. (a) SERS spectra of LiTFSI in NMP (0.1 mM) on various Au NP films. The normal Raman spectrum was taken from LiTFSI/NMP (0.1
mM) on silicon wafer. More detailed SERS spectra of (b) symmetric SO2 bending (δsSO2

) for TFSI− and (c) CH2 twisting (τCH2
) for NMP measured

from various Au NP monolayers. (d) A comparison among the EFs collected from experiments on various chemical bands, the FDTD simulated
results, and the calculated results using the Drude model as a function of diameter/gap ratio. The error bar is calculated based on the error
propagation related to the NP diameter and the interparticle gap.
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Figure 9. (a) 3D FDTD simulation of various Au NP monolayers deposited on silicon wafer. In the center gray box, the blue arrow represents the
polarization direction of the electric field (E-field), E, at 785 nm, whereas the pink arrow, K, indicates that the E-field propagates perpendicular to the
plane of paper inside. Each bottom image corresponds to the area included by the white dashed box in the top image. The color bar represents the
log(EF) of each sample. Single arrows indicate local EFs. The horizontal white dashed line cuts the max EF for each of the Au NP film, and the black
dotted line horizontally cuts the interparticle space center. The scale bar is 10 nm for S13Au and S40Au and 20 nm for S60Au and S90Au for top
images and is 2 nm for S13Au, 4 nm for S40 Au, and 10 nm for S60Au and S90Au for bottom images. (b) (left) Schematic illustration of the distance
between the hot spot center and its neighboring Au NP surface, dhs, and the deviation angle between the NP center-to-hot spot line and the NP
center-to-center axis, θh. (right) The plot of the log(EF) versus the horizontal distance corresponding to the white dashed line in the lower panel of
(a) for each Au NP monolayer. The vertical gray dashed line is tangential to the nearest NP surface. (c) Horizontal line profile of log(EF) versus the
horizontal position of each Au NP monolayer corresponding to the black dotted line in (a) lower panel, with inset representing the log(EF) mapping
of the corresponding region for each sample. The vertical dashed line indicates the closest NP edge-to-edge distance position for each sample.
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wavelength. A recent study by Wei et al. shows that the EF of
periodic arrays of nano objects was determined by the
nanostructure D/dgap ratio.45 This is because the value of D/
dgap determines both intensities of the LSPR and cross-section
area of the analyte molecules. They developed an analytical
model based on the Drude free-electron response assumption
to calculate the maximum EM in an Au NP array, which is
written as45

π ω ε ω ω≅ τ
− − −EF (3 /2)Drude

max
p

4
d

2 3
res

1
(5)

where ωp is the plasma frequency of the Au NP film (ωp = 2.25
× 1015 Hz) and ωτ is the relaxation frequency of an Au NP (ωτ

= 7.254 × 1012 Hz).45 The resonance frequency, ωres, is defined
as

ω ω ε≈ −D d( / )res p gap d
1/2

(6)

with the dielectric constant, εd, of the Au NP film related to the
real part of the complex dielectric function (εm′) of the gold by
εd ≈ −(D/dgap)/εm′, with εm′ = −23.1.39 The log value of
calculated maximum EF is 7.35 for S13Au film, 8.95 for S40Au
film, 8.46 for S60Au film, and 9.52 for S90Au film. These values
are in good agreement with their FDTD simulated counterparts
(Figure 8d), except for a 2-order-of-magnitude difference
between the EF of S13Au film calculated by the Drude model
and by the FDTD simulation. This discrepancy for the S13Au
film might be due to the fact that the Drude model did not take
into account the individual NP size. It is worth mentioning that
the experimental EFs are at least 1 order of magnitude lower
than the Drude model for all NP sizes and the FDTD
simulation for all sizes except 13 nm. The major contribution to
this gap is that the experimental EFs are from averaged EM
intensity across the Au NP monolayers, whereas the simulated
and calculated counterparts are the maximum EFs (at discrete
hot spots for the simulation). Effort to calculate average EM
intensity from simulation results and investigation of Au NP
multilayers is ongoing.

■ CONCLUSIONS
We have demonstrated a fast, simple, yet effective self-assembly
technique to fabricate large Au NPs (>15 nm) into functional
monolayers. This technique includes a water/oil/air three-
phase system. A commercialized alkylamine ligand was
successfully used to stabilize the self-assembled Au NP at a
fixed separation distance. The main SPR band red-shifts and
broadens with the increasing NP size for the Au NP
monolayers. The near field intensity of the SPR is greatly
enhanced in Au NP monolayers due to the coupling among
NPs. As demonstrated in this study, Au NP monolayers with
large D/dgap have extremely high Raman sensitivity (EF up to
107), good spatial homogeneity (millimeter scale), long-term
stability (up to 8 months), decent quantifying accuracy, and
versatile SERS capability to probe more than one type of
molecule. The FDTD simulation depicts that the maximum EF
distributes close to NP surface (less than 3 nm) in the vicinity
of the interparticle axis, whereas reduced EF regions exist in all
Au NP films close to the interparticle gap of which the
interparticle axis is orthogonal to the polarization vector of the
incident light. The EFs evaluated by the experiments agrees
fairly well with the FDTD simulated results as well as those
calculated by the Drude model. Since the driving force for the
formation of Au NP monolayers at the water/air interface is the
minization of the system Helmholtz energy, our method should

be NP size and shape insensitive. Therefore, it should be readily
applied to assembly of other nanostructures into 2D functional
thin films. This study is expected to open a new avenue in
designing and fabricating the next-generation plasmonic devices
based on the metallic nanoparticle thin films.

■ METHODS
Materials. See the Supporting Information for details.
Au NP Synthesis. See the Supporting Information for details. To

produce aqueous 13 nm Au NP colloid (denoted as S13Au), a revised
Turkevich method was employed as reported elsewhere.77,78 Au NPs
of larger sizes (S40Au, S60Au, and S90Au) were synthesized using a
seeded growth method.79

Au NP Monolayer Self-Assembly. A revised three-phase self-
assembly method was used to fabricate Au NP monolayers.39 Briefly, 4
mL of octadecylamine (C18-NH2)/organic solution (hexane/chloro-
form 1:1 by volume) was placed in a Petri dish bottom (Φ = 55 mm).
Then 0.3 mL of aqueous Au NP colloid was slowly injected into the
organic solution. The colloidal drop protruded through the organic
phase to form an air/water/oil triphase. Here we define hexane/
chloroform/C18-NH2 mixture as an oil phase. Afterward, 0.35 mL of
ethanol was added to the oil phase at 0.06 mL/min. Golden-sheen-like
Au NP islands gradually appeared at the water/oil interface and soon
moved to water/air interface to form an Au NP monolayer. The
process took less than 10 min. The film was transferred to solid wafers
using a “drain-to-deposit” strategy reported elsewhere.20 An optimized
molar concentration of C18-NH2 was used for each particle size. If all
ligands were to attach to Au NP surfaces, the molar concentrations
would equate to a maximum areal ligand density of 17.5 molecules/
nm2 for S13Au, 4.1 molecules/nm2 for S40Au, 5.2 molecules/nm2 for
S60Au, and 5.0 molecules/nm2 for S90Au. The larger optimal areal
density for S13Au can be explained by the fact that smaller
nanoparticles have larger curvature that allows for more dense grafting
of ligands.

Characterization. See Supporting Information for details. The Au
NP films were deposited on glass slides for ultraviolet−visible−near-
infrared (UV−vis−NIR) spectroscopy, on silicon wafers for scanning
electron microscopy (SEM), atomic force microscopy (AFM), and
Raman spectroscopy, and on carbon-coated copper grids for
transmission electron microscopy (TEM).

Finite-Difference Time Domain (FDTD) Simulations. The
scattering and absorption analysis of aqueous dispersions of the Au NP
colloids was performed using 2D FDTD simulations (Lumerical
Solutions, Inc.). Since the aqueous dispersions were dilute, the Au NPs
can be considered isolated. Therefore, a single Au sphere was
simulated for each size. The diameter was set to the average
experimental value, listed in Table 1. The refractive index of the
surrounding media was set as 1.33 (for water at room temperature).
The total-field scattered-field (TFSF) was used as the incident light,80

and the boundary conditions of simulated field were set as perfectly
matched layers.39 The mesh size was set as 0.1 nm for S13Au and 0.25
nm for the other samples.

The EM field distribution in the Au NP monolayers was simulated
using a three-dimensional (3D) FDTD method, similar to what has
been reported.39 A plane wave source (785 nm wavelength) with
polarization vector, E, and propagation vector, K, was incident on a set
of 15 Au NPs with periodic boundary conditions. The average particle
size and interparticle space of each FDTD model was set the same as
those analyzed by TEM (Table 1). The mesh size was set at 0.1 nm for
S13Au, 0.30 nm for S40Au, 0.60 nm for S60Au, and 0.80 nm for
S90Au.
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