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F
ilms created from noble metal nano-
structures are of considerable current
interest in nanotechnology due to the

exceptional optical properties introduced
by localized surface plasmon resonances
(LSPRs). The excitation of LSPRs, which arises
from the excitation of a collective electron
oscillation within the metallic nanostructure
induced by the incident light, leads to enor-
mous optical local-field enhancement and a
dramatic wavelength-selective photon scat-
tering and localization at the nanoscale.1�6

Much attention has been focused on ways of
controlling the LSPR properties of metallic
films, such as the position of resonant peaks,
transmission pass-bands, and the magnitude
of the optical-field enhancement, all of which
are highly dependent on the size, shape, and
composition of the metallic nanostructure as
well as the refractive indices of the surround-
ing dielectric.7�9 Recent research has shown
that metallic nanostructure films with such
unique optical properties have applications
inbiochemical sensingand imaging,5�20 solar-
cell design,21�29 and optical processes,30�33

as well as in many other fields.
Two typical potential applications of

the biochemical sensing field using films
constructed from metallic nanostructures
are in the development of solid surface-
enhanced Raman scattering (SERS) sub-
strates and LSPR biosensors. SERS is an effec-
tive technique to enhance the specific Raman
scattering spectrum of molecules in close
proximity to ametal surface and is widely used
for high-sensitivity molecular identification.3

Experiments have shown that SERS enhance-
ment factors of highly anisotropic metallic
nanoplates or nanorods and aggregated na-
noparticle clusters aremuch higher than those
of spherical metallic nanoparticles. This occurs

because the electromagnetic field at the sharp
corners of these anisotropic nanostructures or
in the gap region between clusters can be
increased by several orders of magnitude,
producing “hot spots” that are not present in
isolated spherical nanoparticles.1,10�14,34�41As
SERS spectra of molecules adsorbed on solid
substrates are much more stable and repeata-
ble compared with those in metal colloidal
suspensions,12,13 there is much interest in
the development of solid SERS substrates
having large Raman enhancements and
good SERS reproducibility by using specific
nanostructures incorporating hot spots.10�20

LSPR biosensors operate by detecting real-
time changes in the spectral position and
magnitude of the LSPR due to local refractive
index changesnearmetallic nanostructures.3�7
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ABSTRACT We describe a rapid, simple, room-temperature technique for the production of

large-scale metallic thin films with tunable plasmonic properties assembled from size-selected silver

nanoplates (SNPs). We outline the properties of a series of ultrathin monolayer metallic films

(8�20 nm) self-assembled on glass substrates in which the localized surface plasmon resonance can

be tuned over a range from 500 to 800 nm. It is found that the resonance peaks of the films are

strongly dependent on the size of the nanoplates and the refractive index of the surrounding

dielectric. It is also shown that the bandwidth and the resonance peak of the plasmon resonance

spectrum of the metallic films can be engineered by simply controlling aggregation of the SNP. A

three-dimensional finite element method was used to investigate the plasmon resonance properties

for individual SNPs in different dielectrics and plasmon coupling in SNP aggregates. A 5�17 times

enhancement of scattering from these SNP films has been observed experimentally. Our

experimental results, together with numerical simulations, indicate that this self-assembly method

shows great promise in the production of nanoscale metallic films with enormous electric-field

enhancements at visible and near-infrared wavelengths. These may be utilized in biochemical

sensing, solar photovoltaic, and optical processing applications.

KEYWORDS: plasmonics . silver nanoplates . localized surface plasmon resonance .

scattering light . SERS
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A major concern in the practical implementation
of LSPR biosensors is the development of a set of
metallic nanostructured substrates with widely tun-
able LSPR wavelengths to achieve the highest sensi-
tivity for various molecules with different refractive
indices.6

Another application is the use of metallic nanostruc-
ture films to enhance the light trapping ability of solar
cells.21 Due to the LSPR effect, metallic nanostructures
deposited on the surface of a photovoltaic device can
serve as sub-wavelength scattering elements that
efficiently trap incident sunlight and couples it into
the photovoltaic absorption layer. This results in a
significant improvement in the effective utilization of
solar energy.21�29 Previous experiments usually chose
island-size or spherical metallic nanoparticles as the
plasmonic scattering element,22,23 but recent studies
have suggested that the light-trapping performance of
plasmonic scattering layers can be significantly im-
proved by employing nonspherical, anisotropic metal-
lic nanostrucutres with red-shifted and broadening
LSPR (e.g., nanoplates).24,26 Thus, it is important to
develop inexpensive, large-scale metallic nanostruc-
ture films having excellent scattering enhancement
and widely tunable LSPR properties to maximize light
trapping for spectral regionswhere it ismost needed in
solar cells.
Currently available methods for the fabrication of

metallic nanostructure films include electron-beam
lithography, which can completely control the forma-
tion and shape of the nanostructures for the design of
metallic films with unique LSPR spectra but are too
expensive for practical applications.12�15 Other pro-
cesses such as island annealing16,23,24 or sintering34,35

are low-cost and large-scale techniques but cannot
control the shape of nanostructures. Mask-assisted
deposition27 and nanoimprintation18,19,28,42 are also use-
ful in the construction of regular nanostructure arrays
using metallic strips or nanospheres, but it is difficult to
create elemental components with a gap distance of a
few nanometers as occurs in multimer aggregates. A
completely different inexpensive,mask-lessmethod con-
sists of the self-assembly of colloidal particles to produce
large-area metallic films involving shaped metallic nano-
particles. This technique has promise in practical applica-
tions inbiosensingandphotovoltaics.20,22,43�46However,
currently self-assembled metallic films are usually fabri-
cated in an organic-solvent environment10,43 or by using
surface-modified substrates after complex modification
processes.20,44�46 It is still a challenge to assemble large-
scale colloidal metallic particles on unmodified glass, or
directly on organic substrates,46 especially in aqueous
solution.
From this discussion, it is obvious that a primary

challenge in creating large-scale plasmonic films is the
development of fabrication techniques that are simple
and straightforward, less substrate-dependent, and

effective in controlling and engineering LSPR spectra.
In this paper, we describe a simple self-assemblymethod
using silver nanoplates (SNPs) to fabricate reproducible,
large-areaultrathinmetallicfilms suitable forunmodified
substrates made from different materials. These films
have widely tunable LSPR properties combined with
enormous scattering enhancement. We find that, com-
pared to conventional self-assembled spherical metallic
nanoparticles, metallic films constructed using size-
controllable SNPs exhibit a much wider frequency-
selective response that extends from visible to near-
infrared wavelengths and has amuch better refractive-
index sensitivity to surrounding dielectrics. In addition
we find that the bandwidth (fwhm) and the resonance
peak position of the plasmon resonance spectrum of
themetallic films canbe engineered by controlling SNP
aggregation. A three-dimensional (3D) finite element
method (FEM) simulation was employed to give an
in-depth explanation of these specific LSPR proper-
ties of these metallic film samples. The scattering of
the SNP films with different particle number density
was exhibited and evaluated quantitively using
prism coupling. Finally, we demonstrate the excel-
lent scattering enhancement ability of these metallic
films by using them as substrates in SERS measure-
ments and find that SERS spectra are increased by
several orders of magnitude over those obtained
frommetallic films assembled using typical spherical
silver nanoparticles.

RESULTS AND DISCUSSION

In the first step, we synthesized size -selected colloi-
dal dispersions of SNP according to previously re-
ported chemical synthetic methods47 with a modified
material concentration. This represents a rapid ap-
proach to the fabrication of high-concentration sam-
ples of colloidal SNP at room temperature. We chose
SNP because previous studies have established that
the scattering enhancement and the tunability of the
LSPR peak position of such nanoparticles due to their
anisotropic geometry are much better than that of
spherical nanoparticles.47�51 In addition, compared
with silver nanorods, which always show multi-LSPR
peaks,41 SNPs are better candidates for the develop-
ment of films with tunable spectral response because
they show a nearly single LSPR peak corresponding to
the longitudal resonance in the LSPR spectra of
SNPs.48,49 SNP colloids were first centrifuged and then
redispersed in deionized water. Evolution of the shape
of SNPs in colloids is shown in Figure S1. Polyvinyl-
pyrolidone (PVP) and ascorbic acid were then added
into the solutions in sequence under strong stirr-
ing. Single-layer self-assembled SNP films can be
obtained by immersing the substrates with hydro-
phobic surfaces into the SNP solution under con-
trolled conditions.
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In this experiment, ascorbic acid has been found to
be a key ingredient for the self-assembly production of
large-scale silver films in aqueous solution because it
can modify the surface activity of SNPs significantly. (A
comparison of the self-assembled film in silver colloids
with different chemical ingredients can be found in
Figure S2.) Before ascorbic acid was added, a small
amount of PVP was added into the solution. PVP is
usually used as a shape-directing agent or stabilizer
during the synthesis procedures of shaped silver
nanoparticles.8,41,50 In our case, PVP has been found
to keep anisotropic nanoplates stable and well-
dispersed, inhibiting agglomeration. Figure 1 shows a
comparison of TEM images of typical colloidal disper-
sions after adding different chemical ingredients.

Figure 1a shows that, without the stabilization of PVP,
the shape of the SNP changes significantly and the
nanoparticles readily coalesce in the presence of as-
corbic acid. The high-resolution transmission electron
microscopy (HRTEM) in Figure 1b clearly shows this
coalescence between two silver nanoparticles and
indicates that they are polycrystalline at their junction.
Figure 1c and d show low- and high-magnification TEM
images of purified silver colloids by adding PVP and
ascorbic acid in sequence. From Figure 1c one can see
the colloids contain well-separated triangular nano-
plates with blunted corners. The HRTEM image in
Figure 1d shows that SNPs are single crystals with the
2.50 Å spacing between lattice fringes. The thickness of
the SNP is between 8 and 20 nm, which is dependent
on the amount of silver seeds added during the colloid
synthesis (Figure S1, Supporting Information).
A picture of a typical self-assembled SNP film on a

glass substrate and its corresponding scanning elec-
tron microscope (SEM) image on a silicon wafer (inset)
are shown in Figure 2a. Figure 2b shows a picture of a
SNP film on a flexible polyethylene terephthalate sub-
strate. The straightforward self-assembly on unmodi-
fied substrates made from different materials makes
thismethod useful for various practical applications. By
adding different amounts of silver seeds during the
colloid synthesis procedure, samples a�f of colloidal
SNP with different particle sizes were prepared and
then deposited onto uniform silver films on glass micro-
scope slides as shown in Figure 2c�e. We focused our
study on SNP films on glass microscope slides because
the glass substrate is optically transparent over a wide
wavelength range and has a smooth optical surfacewith
high chemical stability. Therefore measurements of the
LSPR properties of SNP filmsmaynot be confused by the

Figure 1. TEM images of (a) purified silver colloids by
adding ascorbic acid and (c) purified silver colloids by
adding PVP and ascorbic acid in sequence. (b) HRTEM image
at the junction of the nanoparticles labeled in (a). (d) HRTEM
image at the edge of the SNP in (c).

Figure 2. (a) Typical silver nanostructure film on a glass substrate and its corresponding SEM image on a silicon wafer (inset).
(b) Silver nanostructure film on a flexible polymeric substrate. (c, d) Photographs of a series of samples of the diluted silver
colloids and the corresponding silver film consisting of SNPs having different particle sizes. (e) Corresponding optical
microscopic images of the SNP films under white light illumination. The particle sizes of samples a�f were dependent on the
concentration of the silver seeds in the synthesis procedures. Note that the dark blue color that can be found in all of the six
samples in (e) is intrinsically the background color in the optical microscopy and is not the color of the nanoparticles. The
average size of SNPs corresponding to samples a�f taken from SEM images is 50, 57, 78, 96, 142, and 158 nm, respectively.
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optical spectral properties of the substrate. However, the
design constraints described here can be easily ex-
tended to a wide range of different substrate materials.
Significant changes in the colors of the silver colloids
(Figure 2c) and films (Figure 2d) were observed due to
the selectiveoptical absorptionand scatteringbehavior of
SNPwith specific particle sizes. Photographs (Figure 2c, d)
show that sample color changes from red to purple,
mauve, blue, and green as the SNP particle size in-
creases. More interesting is the color evolution shown
in Figure 2e. The color in the corresponding optical
microscopic images (bright-field,white light illumination)
of these silver films changes from blue to cyan, green,
yellow, orange, and red following the evolution of the
visible spectrum, as illustrated at the bottom of Figure 2.
The distinct color changes between the photographs
(shown in Figure 2c and d) and the optical microscopic
images (shown in Figure 2e) of the films arise from
different optical phenomena induced by the SNPs. The
color of the samples exhibited in the photographs is
intrinsically a “color mixing” effect resulting from the
selective optical absorption associated with the reflec-
tion of natural light arising from the plasmon resonance
of SNP. This contrasts with the color of silver films seen in
optical microscopy, which are mainly produced by the
strong electromagnetic backward scattering enhance-
ment and the localization of SNP at certain wavelengths.
As illustrated in Figure 2e, the continuous color change
from short to long wavelength indicates that these
silver films are uniform over a large area and have high
enhancement of theirwavelength-dependent scattering
properties.

Tunable Peak Position of the LSPR. To study the plas-
mon resonance characteristics of monolayer SNP films,
extinction and diffuse reflectance spectra of the silver
films were measured. Figure 3a and b show a compar-
ison between the normalized extinction spectra of
silver colloids and those of the corresponding silver
films, respectively. Extinction spectra of all the as-
prepared SNP films display two resonance peaks. The
main resonance peak at long wavelength is attributed
to the in-plane dipole resonance of SNP, while the
second peak at about 410 nm is attributed to spherical
silver nanoparticles (Figure 1c), together with the out-
of-plane dipole resonance of SNP.48 It has been found
that using the current self-assembly method the LSPR
peak position of the SNP film can be fine-tuned from
visible wavelengths to the near-infrared by simply
using SNPs having different sizes. Slight increases in
amplitude at longer wavelength can be observed in
the extinction spectra (Figure 3b) and can be attributed
to the aggregation of SNP as discussed in the next
section. Normalized diffuse reflectance spectra of the
silver films in Figure 3c show the excellent wavelength-
selective scattering enhancement ability of SNP films
over a broad spectrum, especially at long wavelengths.
These findings indicate that incident long-wavelength

radiation can be strongly localized and reflected back
at the surface of anisotropic SNP films and the central
resonance wavelength can be easily tuned by using
SNPs with different particle sizes. This is a primary
advantage for these SNP films because the LSPRs of
conventional silver films consisting of silver nano-
spheres or nanoholes are not easily tuned to long
wavelengths. Figure 3b and c also demonstrate that
both the absorption and the scattering behaviors of
plasmonic nanoparticles can be significantly enhanced
near LSPR wavelengths.

Figure 3. (a) Normalized extinction spectra of the silver
colloids. (b and c) Normalized extinction spectra and diffuse
reflectance spectra, respectively, of silver films. The labels a
to f represent samples a�f.
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The high refractive-index sensitivity of SNP can also
been seen by comparing extinction spectra of silver
colloids with those of silver films. A noticeable blue-
shift of the long-wavelength peak was observed for all
silver films compared to that of the silver colloids.
Referring to the second plasmon resonance peak at
∼410 nm corresponding to the silver nanospheres, the
shift of the resonance peak is more obvious for the
anisotropic SNP, especially for those with large particle
sizes. We illustrate the refractive index sensitivity of
SNP in Figure 4 using 3D-FEM simulations generated
with the numerical program package COMSOL Multi-
physics, which has been found to be an effective tool
for the modeling of plasmonic devices.52,53 A rectan-
gular wave with a transversemagnetic (TM) 01mode is
used as the incident light. The geometry of our model
from the top (x�y plane) and from the side (x�z plane)
is shown in the inset of Figure 4a, respectively. For
accurate agreement with the experimental sample,
we define the values of three structural parameters:
the inner radius of the nanoplate, R = 22 nm, the corner
radius, r = 11 nm, and the thickness, T = 16 nm. The
nanoplate is placed on the surface of a substrate
refractive index n1 and covered with a dielectric layer
having a refractive index n2. The complex refractive index
of silver, nm, is fitted analytically using experimental
data.54 Figure 4a shows refractive-index-dependent LSPR

spectra as a function of the wavelength λ for an
individual silver nanosphere or SNP surrounded by
different dielectrics. First, the comparison of the LSPR
spectra in curve a (n1 = 1.52, n2 = 1) and curve g (n1 =
n2 = 1.33) shows a noticeable blue-shift from 598 nm to
558 nm, corresponding to placing the nanoplate on a
glass substrate instead of having it in water. Both the
resonance peak position and the predicted blue-shift
in the simulation are in good agreement with the
results of our experiments (sample c in Figure 3a and
b), establishing the high accuracy of the 3Dmodel. In a
further test to evaluate the refractive-index sensitivity
of SNP films, the plasmon resonance for a nanoplate
with fixed n1 and different values of n2 has been
simulated. Curves a�f represent LSPR spectra for an
individual SNP placed on the surface of a glass slide (n1
= 1.52) and covered by different dielectrics with n2 =
1.0, 1.33, 1.48, 1.61, 1.8, and 2. A significant red-shift
from visible to near-infrared wavelengths is observed
as n2 increases. The LSPR wavelength change per
refractive index unit (RIU) is 240 nm/RIU (Figure S3,
Supporting Information), which is much higher than
that of previously reported gold island substrates
(66�153 nm/RIU) and silver nanospheres (110 nm/
RIU).16,25 Compared with the simulation of spherical
silver nanopartices,25 it is clear that the LSPR peak in
the SNP film is much more sensitive to refractive-index
changes in the dielectric overlayer and maintains a
sharp resonance band even when the peak position
moves into the near-infrared. We also found that the
amplitude of the plasmon peak is over 100 times larger
and the fwhm is only about one-eighth for a SNP (curve a)
compared to that of a silver nanophere (curve h).
Comparing the cross-sectional view (z = 0) of the
normalized electric-field |E| distribution in a SNP and
a silver nanophere (Figure 4b�e) shows that the en-
ormous LSPR of SNP films can be attributed to the
anisotropic geometry of nanoplates, which leads to a
significant electric-field enhancement in the vicinity of
the sharp corner area at the resonance wavelength
(Figure 4b). This electromagnetic localization effect in
the SNP is strongly wavelength-dependent and be-
comes much weaker when the incident light deviates
from the resonance wavelength as shown in Figure 4b
and c. At longer wavelengths (Figure 4c) the electro-
magnetic localization behavior at the corners of the
nanoplate becomes less apparent. By comparison, at
short wavelength (Figure 4d) a large fraction of the
light can penetrate deep into the nanoplate without
significant attenuation. This unique property enables
SNP to serve as a narrow waveband antenna with
strong wavelength selectivity.

Tunable Bandwidth of the LSPR. LSPR bandwidth tun-
ability in SNP films is also of much interest in addition
to the tunability of the peak position in thesematerials.
We fabricated three silver filmswithdifferent LSPR spectra
using the following processes: 24 mL of centrifuged

Figure 4. (a) Refractive-index-dependent LSPR spectra for
an individual silver nanosphere or SNP surrounded by
different dielectrics. Curves a�f represent the LSPR spectra
for an individual SNP placed on the surface of a glass slide
(n1 = 1.52) and coveredwith dielectrics having n2 = 1.0, 1.33,
1.48, 1.61, 1.8, and 2, respectively. Curve g represents the
LSPR spectrum for an individual SNP immersed in water
(n1 = n2 = 1.33). In the simulation, the structural parameters
of the SNP are set as R = 22 nm, r = 11 nm, and T = 16 nm.
Curve h represents the LSPR spectrum for an individual
silver spherewith a radius of 75 nm on a glass substrate and
covered by air (n2 = 1) in which the fwhm is as broad as
∼250 nm. (b�d) Cross-sectional views (z = 0) of the nor-
malized electric-field |E| distribution of the SNP with n1 =
1.52 and n2 = 1 at λ = 558, 900, and 500 nm, respectively.
(e) Cross-sectional view of the |E| distribution at the center
of a silver nanosphere having a radius of 75 nm, n1 = 1.52,
and n2 = 1 at λ = 560 nm.
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colloid containing SNPs with PVP shells (sample c) was
divided into three equal parts, and then different
amounts of ascorbic acid were added into the divided
colloids. Three samples, S1, S2, and S3, were prepared
with 0.1, 0.5, and 2 mL of 100 mM ascorbic acid, res-
pectively. Finally, cleaned glass slides were immersed
in these samples for approximately 20 h to achieve self-
assembled SNP films. This fabrication processes en-
sured that the elemental components of the silver films
are SNP having the same average particle size. Figure 5
shows the extinction spectra of SNP colloids and films
for samples S1, S2, and S3. The photographs of the
samples are shown in the inset. As there are only slight
differences in these spectra of SNP colloids, it is reason-
able to assume that the LSPR properties of SNP are
similar in the suspended state despite the addition of
different amounts of ascorbic acid. However, major
changes in these extinction spectra occur when SNP
films from the three samples are deposited on glass
slides. With an increase in the amount of ascorbic acid,
the LSPR peak position shows a red shift from 598 to
680 nm and the fwhm of the resonance band is
broadened significantly. This finding indicates that
the localization and the absorption enhancement of
the SNP film at longer wavelengths were greatly
improved by the addition of ascorbic acid. Images of
the three SNP films in the inset of Figure 5 showing a
color change from violet to blue and finally to green
confirm this difference in the LSPR property. SEM
images of the particle distribution in these films
(Figure 6a and b) compare the morphologies of the
SNP films corresponding to samples S1 and S3, respec-
tively. It can be seen that these two films consist of
monolayer SNPs togetherwith a small quantity of silver
nanospheres and are uniform over a large area. It is
interesting that the particle sizes of the SNPs in the two
films are almost the same (Figure S4a, Supporting
Information); however, the particle number density in
the two films is quite different. Higher magnification
SEM images (inset of Figure 6a and b) clearly show this

difference in particle distribution (details are shown in
Figure S4b, Supporting Information). In sample S1, the
distances between the SNPs are relatively large (∼30�
200 nm), and only a few dimers and trimers can be
observed. Seventy percent of the SNPs are isolated.
With this type of distribution, the optical spectral pro-
perties of the silver film aremainly decided by the LSPR
of individual SNPs. This explains why the extinction
spectrum of sample S1 is well matched with the
simulated LSPR spectrum of an individual SNP (curve
a in Figure 4a). For sample S3, it is apparent that the
particle number density of the film is much higher
compared to that of S1. Only 29% of the SNPs are
isolated. From the inset in Figure 4b one can see that
the SNPs are in close proximity and are accompanied
by a variety of SNP dimers, trimers, and long nanochains
having different configurations randomly distributed
on the surface of the film. As shown previously, the
LSPR property including the scattering enhancement
and the resonance peak position for aggregated sphe-
rical or polyhedral metallic nanoparticles is different
from that of a separated nanoparticle owing to a strong
plasmon coupling effect.1,38�40 Here we show that
there are two primary factors leading to significant
changes of the LSPR properties for silver films formed
from aggregated anisotropic SNPs. The first factor is
the gap distance between the SNPs. Using 3D-FEM,

Figure 5. Extinction spectra of SNP colloids (solid lines) and
films (dashed lines) for samples S1�S3. The inset shows
photographs of the samples.

Figure 6. (a, b) Comparison of the top-view SEM images of
the SNP films corresponding to samples S1 and S3, respec-
tively. Insets in (a) and (b) correspond to higher magnifica-
tion SEM images for samples S1 and S3, respectively.
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we have simulated the LSPR spectra (Figure 7a) for a
silver nanoplate dimer with different gap distances D
placed on the surface of a glass slide (n1 = 1.52) and
covered by air (n2 = 1.0) having the geometry in the
x�y plane as illustrated in the inset of Figure 7a. The
structural parameters for an individual SNP are the
same as described in Figure 4. A dramatic resonance
enhancement along with an obvious red-shift of the
resonance peak from 580 to 720 nm can be observed
when the value of D decreases from 20 to 2 nm. It can
be seen that the maximum amplitude of the normal-
ized electric field |Emax| for a SNP dimer withD= 2 nm is
approximate 25 times greater and 200 times greater
than that of a separated SNP and a silver nanosphere
(Figure 4a), respectively. Normalized electric-field dis-
tributions at the resonance wavelengths of SNPs hav-
ing different geometries are shown in Figure 7b�e. The
electromagnetic-field distributions indicate that the
incident light at the LSPR wavelength can be strongly
localized in the ultrasmall volume between the two
SNPs due to the strong plasmon coupling effect. This
simulation confirms that particle number density is one
of the primary factors in determining the red-shift of
the peak position and the broadening of the resonance
band in the extinction spectra of S2 and S3. In addition
to the gap distance, the characteristics of the LSPR in
the silver film are influenced by the presence of silver
dimers, trimers, or larger aggregates randomly distrib-
uted in the monolayer film (inset of Figure 6b). Figure 8a
shows LSPR spectra for typical silver dimers and
trimers with the morphologies given in Figure 8b�e.
The structural parameters for the elemental SNPs are
the same as above. The minimum gap distance D

between these aggregated SNPs is set at 5 nm. It can

be seen that the LSPR peak position also depends on
the morphology of the adjacent SNPs. Compared to
that of individual SNPs, the LSPR peak positions in silver
dimers and trimers shift to between 600 and 700 nm.
From Figure 8d and e one can see that the electric-field
distributions are asymmetrical and are enhanced in the
vicinity of corners. Figure 8d shows that although there
are three corners with a similar gap distance in the
silver trimer, the enhancement in the electromagnetic
field occurs only at the in-plane corner. This localized
electromagnetic enhancement can be attributed to
the nature of the polarization dependence of plasmo-
nic structures as discussed previously.30 It also appears
that the LSPR peak is longer for the long chain structure
(curve d corresponding to the morphology in Figure 8e).
It is significant that the LSPR peak moves to longer
wavelength when more SNPs are tightly packed.

The simulations in Figures 7 and 8 indicate that the
red-shift and the broadening of the LSPR spectra for
samples S2 and S3 are induced by the aggregation of
the SNPs. This implies that, by the addition of opti-
mized amounts of ascorbic acid in the present self-
assemblymethod, it is straightforward to fabricate SNP
films with controlled LSPR bandwidth and peak posi-
tion. These samples also contain a large number of
randomly distributed hot spots having significantly
enhanced scattering and light-trapping properties at
long wavelengths. This property can be regarded as
one of the primary advantages of the present self-
assembly method, whichmay be very useful in biosen-
sing and photovoltaics applications. For example, the
extinction spectrum of sample S2 in Figure 5 is well
matched with the AM 1.5 solar spectrum.21 By incor-
porating a thin layer of SNP film into solar cell devices,

Figure 7. (a) LSPR spectra for SNP dimers with different gap
distances D placed on the surface of a glass slide (n1 = 1.52)
and covered with air (n2 = 1.0). The inset illustrates the
geometry of our simulation model in the x�y plane (z = 0).
(b) Normalized electric-field distribution at a resonance at
the center of an individual SNP. (c�e) Comparison of the
normalized electric-field distribution at the center of the
SNP dimer with D = 20, 5, and 2 nm, respectively.

Figure 8. (a) LSPR spectra for SNP dimers and trimers with
different morphological structures placed on the surface of
a glass slide (n1 = 1.52) and covered with air (n2 = 1.0). The
gap distance between the SNP was set at 5 nm. The
normalized electric-field distributions at the resonance
wavelength within curves a�d can be found in (b�e),
respectively. Curve e represents the LSPR spectrum for an
isolated SNP.
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light trapping and scattering of the solar cell can then
be improved significantly over a wide range, especially
at long wavelengths.

Furthermore, as shown in the SEM images in Figure 6,
the films with different particle number densities
maintain a monolayer in large scale during the deposi-
tion process. Such monolayer morphologic deposition
is generated by a self-organization of SNPs combined
with the optimization of the concentration of ascorbic
acid and the deposition time. This ensures that the SNP
films are ultrathin (8�20 nm) compared tomost metallic
films consisting of other types of nanoparticles.

Quantitive Analysis of Scattering Enhancement. To quanti-
tively analyze the scattering enhancement effect from
SNP films self-assembled on glass substrates, we have
measured the scattered light from the SNP film using a
prism coupler together with a charge-coupled device
(CCD) camera (see Figure S5, Supporting Information).
This method has been used to monitor the scattered
signal at the surface of an optical waveguide in our
previous experiments.55 The laser beam was coupled
into the glass substrate by prism coupling from the
right side of the glass slide, which is not coated with an
SNP film. With certain incident angles, the obliquely
incident laser beam can reflect between the upper and
lower surface of the glass slide and propagate forward
in a zigzag pattern. The scattered light signal is sig-
nificantly enhanced when the laser beam reflects
through the SNP film deposited on the surface of the
glass substrate. In this experiment, a TM mode laser
beamwith a wavelength of 632.8 nm, which is near the
LSPR peak of samples S1�S3, was used as the incident
light source. A CCD camera was used to monitor the
intensity of the scattered light along the propagation
path looking from the top. Figure 9 shows the intensity
of the scattered light along the propagation light path
for S1�S3. The dashed line at position = 0 corresponds
to the edge of the SNP film. Peaks separated by a
constant amount in these curves correspond to scat-
tering points at the surface between the glass sub-
strate and air. The amplitude of the peaks of the
scattered light is weak when light is reflected at the
smooth surface of the glass substratewithout SNP films
(position > 0). When the light beampasses through the
glass substrate with SNP films on the surface (position
< 0), it is clear that the scattered light signal increases
significantly as a result of the plasmon resonance of
SNPs. The first scattering peak at the left side of the
dashed line shows the amplitude of the intensity of the
scattered signal is enhanced by 5, 8, and 17 times for
S1�S3, respectively. This experimental result confirms
our theoretical simulation as discussed previously.
When SNPs are in close proximity (S3), the intensity
of the scattered light is strongly enhanced due to the
coupled plasmon resonance corresponding to hot
spots. A comparison of photographs of the propaga-
tion light path for S1 and S3 in the inset of Figure 9

clearly shows high scattering enhancement of the SNP
films. We also observed that the intensity decreases
rapidly along the propagation path for S3 in Figure 9
because more light is scattered from the surface of the
glass substrate. Diffuse reflectance spectra (Figure 3c)
and the scattered light intensitymeasurement in Figure 9
experimentally demonstrate the excellent backward and
forward scattering enhancement properties of the SNP
films, respectively. Therefore, such SNP filmsmaybeused
to significantly improve the light-trapping and scattering
properties of solar cells and biosensors.

SERS Activity Investigation. To investigate the perfor-
mance for electromagnetic enhancement and the
biocompatibility of the SNP films, SERS spectroscopic
measurements were carried out using adenine, a well-
characterized test molecule. Spectra obtained of ade-
ninemolecules at a concentration of 10�4Mare shown
in Figure 10. All the samples S1�S3 exhibited repea-
table high SERS sensitivity because the characteristic
Raman peak in adenine molecules at 728 cm�1 is quite

Figure 9. Comparison of the scattered light intensity for
samples S1�S3. Insets show photographs of the scattering
images for samples S1 and S3, respectively.

Figure 10. SERS spectra of adenine molecules with a con-
centration of 10�4 M obtained from the films of samples
S1�S3 and a film formed by large spherical silver nano-
particles. The inset shows the SEM image of the film con-
taining large spherical silver nanoparticles.
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sharp, in agreement with previous results.56 By com-
parison with the SERS spectrum obtained using a silver
film formed using spherical silver nanoparticles as a sub-
strate (inset of Figure 10), the SERS signal of molecules
adsorbed on the surface of a SNP film substrate is several
orders of magnitude stronger. This further supports our
finding that the electromagnetic enhancement in aniso-
tropic SNP and the aggregated SNP multimers is much
greater than that occurring with spherical silver nano-
particles. In this experiment, however, we did not ob-
serve any obvious difference between SERS spectra
obtained from samples S1�S3. We suspect that this is
because both anisotropic SNP (in sample S1) and the
aggregated multimers (in samples S2 and S3) are both
effective in providing a large number of hot spots for
SERS enhancement.

CONCLUSIONS

We report a robust self-assembly method suitable
for the fabrication of large-scale, ultrathin, monolayer
metallic films on the surface of a variety of unmodified
substrates. Compared with previously reported self-
assembly methods, the present technique is simpler,
faster, and low-cost, as it can be carried out in aqueous
solution at room temperature without evaporation of a
solvent or sample heating. Because SNPs can have an
anisotropic structure, the LSPR peak position of the

monolayer films can be finely tuned over a wide
spectral range extending from visible to near-infrared
wavelengths. Resonances with reproducible fwhm and
significantly enhanced light trapping and scattering
properties can be obtained by simply changing the
sizes and the gap distances of the SNPs. Combining
experimental and theoretical studies, we find that the
present metallic films have a high refractive-index
sensitivity and significant scattering enhancement. In
addition, the tunability of the LSPR peak position
makes these SNP films promising materials for the
development of highly sensitive SERS-active substrates
for molecular identification and LSPR biosensors sen-
sitive to the refractive indices of surface-bonded spe-
cies. Controllable aggregation of the SNPs also leads to
an extended fwhm of the LSPR band associated with
significant enhancement of scattering and light-trap-
ping properties at long wavelengths. By proper engi-
neering of LSPR properties, these monolayer SNP films
could be integrated into thin-film solar photovoltaic
devices resulting in a dramatic improvement of the
trapping performance of the absorber layer in the full
solar spectrum, especially in the visible and near-
infrared ranges. This unique combination of properties
implies that these SNP films have great potential utility
in fields as diverse as optical displays, color filtering,
and optical processing.

METHODS

Preparation of Silver Seeds. A 0.5 mL amount of 59 mM AgNO3

and 1 mL of 34 mM trisodium citrate were added to 10 mL of
deionized water (>18.4 MΩ 3 cm). Then 0.5 mL of 20 mM NaBH4

was added. The resultant solution was stirred for 20 min and
aged for at least 24 h at room temperature before use.

Preparation of Solutions 1 and 2. Solution 1: 50 μL of aqueous
400 mM hydrated hydrazine, 60 μL of aqueous 400 mM triso-
dium citrate, and different quantities of silver seeds were added
to 20mL of deionizedwater. Solution 2: 60 μL of 590mMAgNO3

was added to 6 mL of deionized water.
Synthesis of SNP Colloids. Solution 2 was added dropwise

(1 mL/min) into solution 1 under strong stirring conditions. As
a result, colloidal dispersions containing SNP can be achieved.
Six samples, a�f, were prepared in which the quantity of silver
seeds added in solution 1 was 210, 160, 80, 70, 50, and 40 μL,
respectively. These colloidal dispersions were purified using
centrifugation to reduce the abundance of nanospheres, which
are a common byproduct of the synthesis. Typically, 60 mL of
freshly prepared SNP colloidal dispersions was centrifuged at a
low speed (2000�4000 rpm, dependent on the sizes of the
SNPs) for 45 min to sediment SNPs. After removing the yellow
supernatant, which contains mainly the small spherical nano-
particles, the sedimentwas redispersedwith 20mL of deionized
water. Figure S1 indicates that the concentration of silver
nanospheres decreases after centrifuging. The proportion of
nanospheres remaining is between 20% and 45% as estimated
from SEM images. It should be noted that the remaining nano-
spheres showed very limited influence on the LSPR spectra of
the SNP films because only less than 10% of the area of the
substrate was covered by these nanospheres. This is shown
in Figure 6.

Preparation of Metallic Nanostructured Films. After purification,
PVP and ascorbic acid were then added into the purified SNP
solutions in sequence under strong stirring. Typically, 10 mL of

2 mM PVP was added in 25 mL of silver colloid under strong
stirring for more than 10 min, and then 0.3 mL of 100 mM
ascorbic acid was added. Glass slides, silicon wafers, or poly-
meric substrates with hydrophobic surfaces were cleaned using
detergent and deionized water in sequence and then dried. The
cleaned substrates, without any need for further surface mod-
ification, were immersed vertically into the colloids for approxi-
mately 20 h. Single-layer SNPs then uniformly self-assembled on
the surfaces of the substrates.

Measurements. TEM and HRTEM observations were per-
formed using a FEI Tecnai 20 operating at 200 kV (point
resolution 2.4 Å, line resolution 1.44 Å). SEM images were
obtained using a field-emission SEM (Leo1530 Zeiss, Germany).
Optical microscopic images were taken using an Olympus
BX51 M System metallurgical microscope (100 � 0.80). Extinc-
tion spectra and diffuse reflectance spectra of the silver colloids
and the filmswere obtained using aUV�vis spectrophotometer
(UV-2501 PC, Mandel Shimadzu). A prism coupler (SPA4000,
Korea) and a CCD camera (Canon EOS 5D) were used for the
measurement of the scattering enhancement of the SNP film.
SERS spectra were obtained using a Renishaw micro-Raman
spectrometer with an objective magnification of 50� and an
excitation wavelength of 488 nm.
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