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S
urface-enhanced Raman scattering
(SERS) is a powerful technique that
provides high sensitivity and high

specificity for molecular spectroscopy.1,2

The dominant part of the enhancement in

SERS in comparison to normal Raman scat-

tering is thought to originate from the inter-

action of the incident and scattered photons

with plasmon modes in a nanostructured

metal surface (known as the electromagnetic

mechanism of enhancement).3 A large vol-

ume of scientific work has been dedicated to

determining the enhancement factor (EF) by

which the molecular SERS signal is amplified,

as well as clarifying why the EF varies by or-

ders of magnitude from substrate-to-

substrate, site-to-site, and target molecule-to-

molecule. To date, the single molecule detec-

tion capabilities of SERS have been

demonstrated,4�10 but there is no reliable

method to fabricate substrates that consis-

tently provide this enhancement. Neverthe-

less, the understanding of the SERS phenom-

ena is being progressively advanced, in part

as a consequence of improvements in nano-

scale substrate design.11 The SERS enhance-

ment has been associated with “hot-spots”,

locations on the surface of the metal where

under resonance conditions near-field field

intensities are orders of magnitude larger

than the far-field intensity. Hot-spots are eas-

ily generated by the aggregation of metal

nanoparticles12,13 (or the placement of a par-

ticle over a metallic substrate14). The field en-

hancement depends on the shape of the

nanoparticles, on the gap distance between

the nanoparticles, and on the curvature of the

nanoparticles near the gap.15,16 Recently, ef-

forts have been dedicated to studying the

SERS phenomena in small clusters of nano-

particles of well-defined shapes to elucidate

the effect of nanoscale structure on the opti-

cal properties. For example, hot-spots were
demonstrated and EFs were reported for
nanosphere dimers,17,18 nanoshell dimers,18

nanocube dimers,19,20 octahedra dimers,21

and nanoparticle�nanowire dimers22,23 carry-
ing adsorbed monolayers of molecules. High-
resolution transmission electron microscopy
of low-symmetry nanoparticle dimers used
for single molecule spectroscopy was also re-
ported.8 These experiments are often based
on randomly generated clusters of preformed
nanoparticles that have been drop-casted
and are located by scanning over large areas
of the substrate using dark-field imaging.8,13,24

As a result, these studies sampled a very
small number of plasmonic structures and
commonly reported a single value of EF for a
given cluster geometry. Notably, effects of
sample heterogeneity cannot be fully ad-
dressed using this approach.
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ABSTRACT The SERS phenomenon was studied using a large set of silver nanocube dimers programmed to

self-assemble in preset locations of a patterned substrate. This SERS substrate made it possible to demonstrate

the dependence of the SERS enhancement on the geometry of the silver nanocube dimers and to quantify the

dispersion in the SERS enhancement obtained in an ensemble of dimers. In addition to the effects of the gap

distance of the dimer and the orientation of the dimer axis relative to the laser polarization on SERS enhancement,

the data reveal an interesting dependence of the site-to-site variations of the enhancement on the relative

orientation of the nanocubes in the dimer. We observed the highest heterogeneity in the SERS signal intensity

with face-to-face dimers and a more robust SERS enhancement with face-to-edge dimers. Numerical calculations

indicate that the plasmon resonance frequencies of face-to-face dimers shift considerably with small changes in

gap distance. The resonance frequency shifts make it less likely for many of the dimers to satisfy the matching

condition between the photon frequencies and the plasmon resonance frequency, offering an explanation for the

large site-to-site variations in SERS signal intensity. These results indicate that plasmonic nanostructure designs

for SERS substrates for real-world applications should be selected not only to maximize the signal enhancement

potential but also to minimize the heterogeneity of the substrate with respect to signal enhancement. The latter

criterion poses new challenges to experimentalists and theorists alike.
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Heterogeneity in engineered SERS substratesOlarge

variations in the EF in structures made by a single

processOsets challenging requirements on the resolu-

tion of the fabrication tools. It is also of great concern

with respect to the implementation of SERS in chemi-

cal diagnosis. To guarantee that the detection thresh-

old and the reliability of a SERS-based method for mo-

lecular sensing are satisfactory, attributes of SERS

substrates such as the maximum enhancement factor,

the average enhancement factor, and the site-to-site re-

producibility need to be assessed quantitatively and op-

timized.25 In this article, we demonstrate the benefits

of studying a large collection (�200) of silver nanocube

(AgNC) dimers to elucidate the parameters that play a

significant role in the enhancement of Raman scatter-

ing. The dimers are formed in predetermined locations

so that the data collection process is efficient. We do

not exclude any nanocube dimer from this study, re-

gardless of the magnitude of their scattering cross sec-

tions. We therefore were able to quantify the degree of

variability of the EF in seemingly similar AgNC dimers.

By investigating how the enhancement factor varies

within an ensemble of dimers, the origins of SERS sub-

strate heterogeneity may be better understood and ad-

dressed. Numerical calculations of the plasmon reso-

nance frequencies and field enhancements as a

function of the structure of the dimer were used to

gain insight as to the significance of the resonance con-

dition in our system, and in the experiments reported

by Prof. Xia’s group. Xia et al. have recently reported

three EF values from three dimers using SERS experi-

ments with similar AgNC dimers,26 except that the inci-
dent and scattered wavelengths analyzed were differ-
ent than those chosen by us. Understanding the
dependence of the enhancement factor on structural
parameters is key to the fabrication of useful SERS sub-
strates and is the focus of this article.

RESULTS AND DISCUSSION
The large number of plasmonic nanoparticle clus-

ters was generated by vertical deposition of AgNCs
from a colloidal solution using a planar silicon sub-
strate containing prepatterned arrays of submicro-
meter quasi-cylindrical cavities on the surface (Figure
1). In the vertical deposition process, a substrate is
translated vertically upward with respect to the air/
solution interface either by means of a motorized stage
or by solvent evaporation.27,28 As the air/solution inter-
face sweeps across the surface of the substrate, nano-
particles are pushed against topographic steps and se-
lectively deposit at the bottom of the steps.29 This
method of choice is simple and scalable. Other ap-
proaches are possible, such as the chemical patterning
of the substrate using self-assembled monolayers
(SAMs) to spatially control the formation of arrays of
clusters of nanospheres.30 However, our method allows
the substrate to be reused, greatly increasing the num-
ber of clusters that can be studied with minimal use of
e-beam lithography. AgNCs were chosen over other
nanostructures because they can be synthesized in
large quantities, as monodisperse colloidal suspen-
sions, and in various sizes; because they have sharp cor-
ners that can focus electric fields; and because they
present a uniform surfaceOthe Ag{001} planesOfor
molecules to adsorb on, making the calculation of en-
hancement factors more accurate. Furthermore, the use
of nanocubes over nanospheres28 adds complexity to
the clusters formed in the process (e.g., variations in the
relative azimuthal angle) and in fact leads to higher en-
hancement factors.31 Using the described experimen-
tal system, we have obtained SERS data and the corre-
sponding scanning electron microscopy (SEM) images
for a large collection of dimers, each slightly different
from its neighbors.

Figure 1A shows an SEM image of the patterned
substrate before the vertical deposition process, and
Figure 1B,C shows dimers of AgNCs (average edge
length � 80 nm) that have been formed in the cavities
of the ready-to-use SERS substrate. Each cavity is iso-
lated from the others and can be probed individually
by the laser beam of the micro-Raman system and by
electron microscopy. The AgNCs were coated with a
self-assembled monolayer of thiol molecules (4-
aminobenzenethiol, 4-ABT) that served as Raman dyes.
The Raman spectra were collected using a confocal
micro-Raman spectrometer equipped with a 632.8 nm
laser source. In the following, the Raman signal intensity
is quantified as the integrated peak area for the

Figure 1. SEM images of (A) the patterned substrate and (B,C) dimers
in the pores. The full range of the scale bars is 50 �m, 500 nm, and
500 nm, respectively.
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carbon�sulfur bond stretch of 4-ABT at 1078 cm�1.
The SERS substrate enhancement factor (SSEF) is as de-
fined by Etchegoin et al.32 and calculated as the Raman
signal intensity divided by the number of molecules on
the AgNCs and by the Raman signal intensity per mol-
ecule measured in the absence of the substrate.

We have analyzed the Raman response from cavi-
ties containing exclusively two nanoparticles (i.e., AgNC
dimers). Plasmonic coupling in nanosphere dimers de-
pends only on the interparticle distance and the rela-
tive orientation of the incident light polarization with
respect to the dimer axis and has been extensively in-
vestigated. In nanocube dimers, additional configura-
tion degrees of freedom are present, namely, the rela-
tive orientation of each of the nanocubes with respect
to the Poynting vector and the electric field of the inci-
dent light (i.e., the azimuthal angles and the polar
angles). Unfortunately, most of the configuration space
is not easily accessible by drop-casting nanocubes on
a planar substrate, a process that is heavily biased to
form nanocube clusters in which the faces of the
nanocubes lay flat on the surface or face each other.
This is not the case for self-assembly within sub-
micrometer cavities as used here. We have observed a
sizable portion of dimer clusters in which an edge or a
vertex point toward the adjacent cube. As a result, more
of the configuration space is probed here compared to
previous studies.

The effect of dimer axis orientation and gap dis-
tance on SERS is only briefly described here because
our results match findings extensively reported previ-
ously in the literature.6,15,33�35 Theoretically, the SERS
signal intensity should present a cos2 � dependence on
the angle � between the E-field polarization and the di-
pole moment associated with the excited plasmon
resonance mode. In the case of a symmetric dimer in
an isotropic medium, the strongest evanescent field at
the surface of the nanoparticles is associated with a
plasmon mode with polarization parallel to the dimer
axis and field localization in the gap between the two
particles. The cos2 � dependence has been confirmed
experimentally in individual examples of dimers.22,36�38

We have found the same overall trend (Figure S1, Sup-
porting Information): Collectively, AgNC dimers with
large enhancement factors produce a signal that fol-
lows the cos2 � dependence, regardless of the precise
details of the configuration of each AgNC dimer. Dimers
with small enhancement factors deviate from the rule,
as expected when plasmonic coupling between the two
AgNCs is ineffective. From the practical point-of-view,
we conclude that in engineered SERS substrates made of
dimeric structures (by lithography or by self-assembly) it
is imperative to have all the dimer axes aligned in a
single orientation that must be communicated to the
end-user. For SERS substrates of the type used in this
work, alignment can be achieved by milling cavities of
rectangular shape. With respect to the influence of the

gap distance in dimers of 80 nm AgNCs, we concluded

from the data (a) that gap distances smaller than 10 nm

are a necessary (but not sufficient) condition for obtain-

ing SSEFs that are distinctively higher than SSEFs of

AgNC monomers, and (b) that within the limits of the

imaging resolution in this study (�3 nm), the smaller

the gap, the higher the potential SERS enhancement

from the structure. These results are in agreement with

previous studies on the coupling of localized plasmons

and its dependence on interparticle gap distance. In

some reports, however, effective coupling was ob-

served across gaps larger than 10 nm with similar sized

nanostructures.39�41

Investigating the SERS signal dependence on the

azimuth (and polar) angles is a more ambitious task be-

cause of the large number of possible configurations in-

volved and the relatively weak and poorly understood

dependence of the plasmon modes of the dimer on

these parameters. We present here a comprehensive

analysis of the azimuthal orientation parameter in SERS,

utilizing both experimental data from our AgNC clus-

ters and theoretical modeling. Because we anticipate

the dependence on azimuth angles to be weaker than

the dependence on the dimer axis orientation and the

gap distance, a large data set was used (�200 dimers) in

conjugation with a statistical analysis model and nu-

merical calculations.

In this analysis, the dimers with gap size smaller

than 10 nm were analyzed in three groups: (1) edge-to-

edge dimers (EE, 74 dimers); (2) face-to-edge dimers

(FE, 42 dimers); and (3) face-to-face dimers

(FF, 92 dimers).42 The SSEFs from each group were ar-

ranged in a diminishing sorted list (Figure 2). For each

list, we have calculated the cumulative distribution

function F(x), indicating the fraction of dimers that give

Figure 2. SERS substrate enhancement factors for EE
dimers (blue), FE dimers (red), and FF dimers (green). In-
set: Experimental cumulative fractions and fit to the
Weibull distribution model (solid circles, experimental
data; solid lines, fit values; the colors have the same
meaning as above).
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a SSEF less than or equal to x. Thus F(x) is a monotonic
increasing function satisfying: limx¡0F(x) � 0 and
limx¡��F(x) � 1. Its derivative is proportional to the
probability distribution function. The cumulative distri-
bution function was fitted to that of the two-parameter
Weibull distribution FWeibull(x) � 1 � exp{�(x/b)c}, where
b is known as the scaling parameter and c is known as
the shape parameter (inset of Figure 2 and Table 1).43,44

This model is appropriate for the description of the
variation in the SSEF, a quantity that is very sensitive
to the nanoscale details of the shape of the metal struc-
ture, in a system with a large number of degrees of free-
dom. The structural configuration of a dimer of identi-
cal cubes in the context of SERS measurement with
linearly polarized light involves 7 degrees of freedom,
although in practice 3 of the degrees of freedom are
highly constrained by the van der Waals interaction
with the substrate. Therefore, we can assume that a
very limited set of configurations will produce the opti-
mal SSEF, and a vast number of configurations will
lead to SSEFs that are not better than the enhance-
ment observed with a monomer. In the interpretation
of the data by the Weibull distribution model, the scal-
ing parameter indicates the average magnitude of the
enhancement factor that can be achieved and the
shape parameter indicates the sensitivity of the en-
hancement factor to deviations from the optimal clus-
ter configuration. The validity of the model was verified
against our data sets using the transformation Y �

ln{�ln{1 � F(x)}} and X � ln{x}, which linearized the
data and was used to estimate the values of b and c
(Table 1). Coincidentally, Fang et al. reported recently
that a similar expression and similar parameter values
describe the local SERS EF variability in a nanotextured
silver film.45

The analysis by the Weibull distribution model indi-
cates that the shape parameters of the SSEF distribu-
tions for the EE dimers and FE dimers are indistinguish-
able, but their scale parameters are significantly
different. In other words, on average the enhancement
factors of FE dimers are a factor of �2.4 higher than the
enhancement factors of EE dimers. This is not to say
that the highest SSEF is associated with a dimer of FE
type. As seen in Figure 2, thus far, our strongest en-
hancement was observed in an EE dimer. The reason
for this is that the EE dimers are found on our substrate
at a higher frequency than the FE dimers, presumably
due to an inherent bias in the vertical deposition pro-
cess. Interestingly, the two groups can be expected to
have the same trend in the change of the enhancement

factor as the configuration of the dimer deviates from
optimum. For example, as we will show later, a similar
decay in the SSEF can be expected as a function of gap
distance. In contrast, a larger value of the shape param-
eter was calculated for the distribution of SSEFs of FF
dimers. This difference can be seen clearly in the slopes
of the fit function F(x) for high values of the enhance-
ment factor in the inset of Figure 2. The very moderate
slope in the fit for the FF-type dimers indicates that the
portion of strongly enhancing dimers is very small in
the FF group. Again, the data could not be used to de-
termine the maximum attainable SSEF for each group. If
we considered each measured value individually, we
might have been tempted to simplistically rank the
maximum SSEF from EE dimers highest and from FF
dimers lowest (Figure 2). However, from the analysis of
the ensemble of dimers, we determined that this rank-
ing could depend on the number of structures investi-
gated, and a very large number of observations would
be necessary to determine it with reasonable confi-
dence. The ranking of the dimer types based on their
enhancement factor suggested by Xia et al. (FF � FE �

EE)26 is, therefore, not in disagreement with this work,
particularly since the two studies were carried out us-
ing different excitation wavelengths (see below). The
key result of this study is that the azimuthal orientation
of nanocubes in the dimer affects the dispersion of en-
hancement factors observed in a large group of dimers.
Since most fabrication techniques cannot reproduce a
patterned surface at the atomic scale, SERS substrates
are destined to have nanoscale structural variations
from site to site, as exhibited by the library of struc-
tures used in our study. In the case of a SERS substrate
made of AgNC dimers, our study indicates that sub-
strates containing aligned face-to-edge dimers should
be considered the most suitable for practical applica-
tions, as they display the highest uniformity in their
SSEFs and the highest average value of SSEF.

Our experimental research has been comple-
mented by the numerical modeling of plasmon reso-
nance modes and SERS enhancement factors for EE,
FE, and FF AgNC dimer configurations, as well as for
AgNC monomers. Plasmon modes corresponding to
these configurations have been computed (in the
electrostatic approximation) through the solution of
the eigenvalue problem for specific boundary inte-
gral equations.46,47 As explained in detail in the refer-
enced works, the eigenvalue and the eigenvector so-
lutions are related to the resonance frequency and
to the surface charge distribution associated with
each localized plasmon mode. Subsequently, steady-
state electric field distributions and dipole moments
can be calculated as a function of the frequency
and intensity of the incident light.48 The dipolar plas-
mon modes have been identified because these
plasmon modes are most efficiently excited by the
incident laser radiation when the dimensions of the

TABLE 1. Parameters Obtained from the Weibull
Distribution Model

EE dimers FE dimers FF dimers

shape parameter 0.196 � 0.014 0.205 � 0.017 0.284 � 0.021
scale parameter 4483 � 613 10812 � 1510 5237 � 683
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nanoparticles are appreciably smaller than the laser
wavelength. The final outcome of these studies is
the distributions of electric fields E(r;wL) and E(r;wR)
from the excitations of the dipole plasmon modes by
the incident laser radiation and by the Raman-
shifted radiation, respectively. These electric field
distributions have been used to compute the en-
hancement factors. We estimate the local SERS en-
hancement as the product

where |E0(w)|2 is the intensity of the uniform elec-
tric field of frequency w exciting the localized plas-
mons (considering only the field component paral-
lel to the dipole moment of the plasmon mode) and
|E(r;w)|2 is the intensity of the electric field gener-
ated by the dominant plasmon mode at location r
as a consequence of the steady-state, uniform field
excitation. The parameters wL and wR are the fre-
quency of the laser light and of the Raman-shifted
light, respectively. In this model, we neglect the fact
that the excitation of the plasmons by the Raman-
shifted light is not spatially uniform49 and that the ef-
ficiency of coupling between the plasmon excita-
tion and the molecular dipole may be altered by the
bonding to the surface of the cube. The SERS EF
was calculated by integrating the local SERS en-
hancement over an open envelope separated by 1
nm from the top five faces of the cubes.

In the simulation of plasmons in dimers (see Figure
3A), the coordinate system is chosen such that the ori-
gin is at the center of the gap, in-plane with the bot-
tom face of the AgNCs (the x�y plane), and the dimer
axis is parallel to the x axis (i.e., the x�z plane is a mirror-
symmetry plane in all cases). The semi-infinite silicon
substrate is situated 2 nm below the AgNCs (	 � 11.7	0

for z 
 �2 nm) to account for the presence of a native
oxide and the molecules in between the plasmonic
structure and the substrate.

An example of the dipole plasmon mode for an FF
dimer configuration is presented in Figure 3A. In this
figure, the distribution of surface electric charges asso-
ciated with the dipole mode is shown for 4 nm separa-
tion between two 80 nm AgNCs laying 2 nm above a
silicon surface. The distribution of the surface electric
field replicates the charge distribution. It is clear from
Figure 3A that the substrate has a significant effect on
the field distribution. The hot-spots are localized not
only in the gap between the cubic nanoparticles but
also in the gaps between the nanoparticles and the sili-
con substrate and at the bottom of the outside faces.
This is consistent with the method of images, which im-
plies that a two-cube system on the substrate is electro-
magnetically equivalent to the corresponding four-
cube system in free space. Our numerical modeling

demonstrates that the multiple hot-spots occur in FE

and EE dimer configurations, as well. These phenom-

ena are consistent with the fact that the total electric

charge in each nanoparticle must be equal to zero;46,47

that is, charges of opposite signs must accumulate in

different locations.20 The calculations are instructive in

identifying the size and location of the SERS hot-spots.

The SERS EF calculations indicate that contributions of

the inner and outer faces to the signal are higher than

Figure 3. (A) Charge distribution calculated for the dipolar plasmon
mode in FF AgNC dimers on a silicon substrate (edge length � 80 nm;
gap distance � 4 nm). (B) Local SERS enhancement distribution near
the outer faces of the dimer (depicted in the scheme; x � �83 nm).
(C) Local SERS enhancement distribution near the inner faces of the
dimer (depicted in the scheme; x � �1 nm). Local SERS enhancement
was calculated using eq 1.

|E(r;wL)|2

|E0(wL)|2
×

|E(r;wR)|2

|E0(wR)|2
(1)
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those of the side and top faces. Figure 3B shows the dis-
tribution of local SERS enhancement in the above-
mentioned FF dimer near the faces of the cubes far-
thest away from the gap (i.e., the outer faces). The
enhancement is highly localized at the bottom of the
face, illustrating the strong influence of the substrate on
the plasmon mode. Figure 3C shows the correspond-
ing distribution near the faces forming the 4 nm gap
(i.e., the inner faces). The enhancement near the four
corners is approximately the same, and notably, the en-
hancement is not very localized. A significant fraction
of the molecules adsorbed on the inner faces experi-
ences electric fields of strengths approaching that of
the field near the corners. In this FF-type gap, the hot-
spot is diffuse and extends over all but a circular area in
the center of the faces.

The calculated SERS EF for a single 80 nm AgNC
(monomer) with �L � c/wL � 633 nm and �R � c/wR

� 678 nm is 1.78 � 104, and for a single 100 nm
AgNC with �L � 514 nm and �R � 560 nm is 2.14 �

106. The dipole plasmon mode of the monomer was
calculated as having a resonance wavelength of 533
nm and a dipole oriented along the diagonal of the
bottom/top face. The calculated EFs are commensu-
rate with experimental results31 and point to a match
between the plasmon resonance frequency of an in-
dividual AgNC and the frequency of the argon ion la-
ser light (see below).

Table 2 summarizes the results of our computa-
tions by presenting the resonance wavelengths and
the SERS enhancement factors computed for various
gap distances between AgNCs in the cases of FF,
FE, and EE dimer configurations. It is apparent that
the computational results are quantitatively consis-
tent with the experimental results shown in Figure 2.
The most prominent trend seen in Table 2 is that
the SERS enhancement factor is more sensitive to

the separation between the nanocubes in the FF

configuration than in the FE and EE configurations.

As the gap increases from 3 to 10 nm, the calculated

resonance wavelength shifts from 605 to 526 nm in

the FF configuration (away from the laser wave-

length), whereas it only changes by 22 and 16 nm

in the FE and EE configurations, respectively. The

matching condition between the incident wave-

length, the scattered wavelength, and the plasmon

resonance wavelength50�52 is therefore difficult to

guarantee in FF dimers without precise control over

the gap distance in the order of 1 nm or less. The cal-

culated SERS EFs for FF configurations vary by a fac-

tor of 1600 with varying gap distance. The variation

in the calculated EFs in the FE and EE configurations

is only by a factor of 10 to 20. This numerical obser-

vation is supported by the cumulative fraction versus

enhancement factor graphs shown in Figure 2. The

dispersion in enhancement factors in the experiment

is obviously larger that the calculated ones because

in the experiment parameters other than the gap

distance (markedly, the orientation of the dimer axis

TABLE 2. Calculated Resonance Wavelengths and SERS Enhancement Factors for 80 nm Silver Nanocube Dimers on
Silicon (Incident Wavelength � 633 nm; Scattered Wavelength � 678 nm)

FF FE EE

gap distance (nm)
resonance

wavelength (nm) SERS EF
resonance

wavelength (nm) SERS EF
resonance

wavelength (nm) SERS EF

3.0 604.63 6.77 � 106 577.48 1.19 � 106 569.03 6.95 � 105

3.5 595.61 1.63 � 106 573.58 6.87 � 105 567.12 5.01 � 105

4.0 589.08 7.71 � 105 570.52 4.43 � 105 565.35 3.77 � 105

4.5 583.73 4.80 � 105 568.03 3.10 � 105 563.74 2.96 � 105

5.0 578.43 3.49 � 105 565.95 2.32 � 105 562.27 2.40 � 105

5.5 573.13 2.75 � 105 564.19 1.82 � 105 560.95 2.00 � 105

6.0 567.78 2.18 � 105 562.67 1.49 � 105 559.74 1.71 � 105

6.5 562.18 1.59 � 105 561.34 1.26 � 105 558.64 1.48 � 105

7.0 556.32 1.02 � 105 560.17 1.09 � 105 557.63 1.31 � 105

7.5 550.38 5.82 � 104 559.12 9.62 � 104 556.71 1.18 � 105

8.0 544.74 3.21 � 104 558.17 8.64 � 104 555.87 1.07 � 105

8.5 539.46 1.79 � 104 557.32 7.85 � 104 555.08 9.78 � 104

9.0 534.54 1.04 � 104 556.53 7.22 � 104 554.36 9.04 � 104

9.5 530.00 6.19 � 103 555.82 6.70 � 104 553.69 8.42 � 104

10.0 525.79 4.07 � 103 555.16 6.27 � 104 553.07 7.89 � 104

TABLE 3. Calculated Resonance Wavelengths and SERS
Enhancement Factors for 100 nm Silver Nanocube Face-
to-Face Dimers on Silicon (Incident Wavelength � 514 nm;
Scattered Wavelength � 560 nm)

gap distance (nm) resonance wavelength (nm) SERS EF

5 589.08 5.18 � 105

5.625 583.73 8.22 � 105

6.25 578.43 1.48 � 106

6.875 573.13 3.10 � 106

7.5 567.78 7.59 � 106

8.125 562.18 1.80 � 107

8.75 556.32 1.58 � 107

9.375 550.38 6.50 � 106

10 544.74 2.98 � 106
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with respect to the light polarization) contribute to
site-to-site variations. We have also compared our
simulation results with the experimental results from
Xia et al.,26 where similar dimer configurations have
been studied for incident laser radiation wavelength
of 514.5 nm and a Raman-shifted radiation wave-
length of 560 nm. The results of our computations
are shown in Table 3 for the FF configuration, and
they are consistent with the experimental observa-
tion from the referenced work26 where a Raman en-
hancement factor of 2.0 � 107 was obtained. Table 3
illustrates also the dependence of SERS EF on both
the resonance condition and the surface structure.
As the gap distance increases, the field is more uni-
formly distributed over the surface of the cubes (less
localized in the gap) but simultaneously the plas-
mon resonance shifts to higher frequencies and
closer to the incident and scattered radiation fre-
quencies. These two opposing effects lead to an in-
crease and then to a decrease in the EF as the gap is
varied. This non-monotonic response can be seen
only with the proper choice of laser energy.

In the in-depth numerical studies described above,
the dimer structures were of high degree of symmetry:
the FF, FE, and EE dimers modeled belong to the point
groups D4h, C2v, and D2h, respectively, when the silicon
substrate is excluded. Preliminary investigations with
reduced-symmetry dimers obtained by shifting one of
the AgNCs in the y-direction perpendicular to the dimer
axis demonstrated that the numerical results are not
strongly dependent on the symmetry; that is, the sys-
tem is largely insensitive to such perturbations in the
positioning of the cubes.

Our simulations also show that another dipole
resonant plasmon mode may appear in the same
wavelength range as the separation between the cu-
bic nanoparticles is increased. This is consistent
with the experimental report by Van Duyne et al.53

on the extinction cross section of a single cubic
nanoparticle placed on a glass substrate. Two closely
spaced peaks in the extinction cross section were re-
ported, which clearly correspond to the excitations
of two distinct plasmon modes. It will be beneficial
for SERS enhancement to tune the laser wavelength
in such a way that near resonance excitations of
these two plasmon modes are simultaneously
achieved by the laser radiation and the Raman-
shifted radiation, respectively.54

For comparison, the case of AgNC monomers
will be briefly discussed here. Individual AgNCs pro-
vide less surface area for molecular absorption and
lower average field enhancement in comparison to
dimers and, therefore, weaker SERS signals. Under
excitation with a 632.8 nm laser, the SERS signals
were close to or below our detection limit, corre-
sponding to SSEFs of no more than 2 � 104. With a
high intensity Ar ion laser operating at 514.5 nm, the

detection threshold was lower, the enhancements
were expected to be higher, and indeed, signal was
routinely recorded from individual AgNCs. The SSEFs
recorded were up to �1 � 105 using the 1078 cm�1

peak for the estimation of the EF value (higher val-
ues could be obtained with the 1562 cm�1 peak). En-
hancement factors of up to 3 � 106 were reported
previously using the excitation wavelength of 514.5
nm with AgNC monomers.23,31,55 Discrepancies in re-
ported values between researchers can be attributed
to different ways the EFs are calculated and uncer-
tainty in determining the number of molecules in
the excitation volume of the laser beam, the reso-
nance conditions of the system, and contributions
from the chemical mechanism of enhancement. Re-
gardless, the presence of a second cube (as in the
dimer) leads to the augmentation of the SERS en-
hancement. However, this augmentation is much
more significant under the experimental conditions
that were chosen in this work, up to almost 3 orders
of magnitude, compared with a factor of �10 when
an Ar ion laser is used. We reason that this is due to
the fact that the 632.8 nm laser light is far from the
plasmon resonances of the AgNC monomer but may
be close to resonance with regard to a dipole plas-
mon mode of the dimer. Furthermore, we have cho-
sen to study a vibration mode that is very strong in
the normal Raman spectrum of the molecule, and
therefore, it is probably less susceptible to chemical
enhancement. The studies with 514.5 nm laser light
are near resonance with the AgNC monomer, allow-
ing for signal detection from a single cube but di-
minishing the significance of the coupling in the
dimer. Thus, when preparing substrates for SERS
equipment based on 514.5 nm light source, it may
be less advantageous to use dimers since complica-
tions arising from the dispersion in enhancement
may overshadow the gain in enhancement.

CONCLUSION
In this paper, we explored for the first time the dis-

persion of enhancement factors in a SERS substrate
made through self-assembly of silver nanocubes. This
analysis was possible thanks to the control over the lo-
cations on the substrate in which clusters of nanocubes
were formed, which was achieved by trapping the
nanoparticles in cavities in prepatterned substrates.
This approach allowed for the acquisition of Raman
spectra and microscopy images of individual AgNC
dimers without bias. Correlations between SERS signal
intensity and SERS substrate enhancement factor and
various structural parameters of the dimers were estab-
lished. In particular, the dispersion of SSEF values was
found to be significantly greater in face-to-face dimers
than in face-to-edge and edge-to-edge dimers. Numer-
ical calculations of plasmon resonance frequencies and
enhancement factors provided further support for the
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correlations that were established experimentally.
These data support the notion that proper plasmon
resonance wavelength tuning with respect to the laser
wavelength can be beneficial to SERS enhancement.

Furthermore, some plasmonic structures for SERS sub-
strates require more precise fabrication tools than oth-
ers because they show a higher dispersion in the en-
hancement factor.

METHODS
Materials. AgNCs were synthesized following a previously re-

ported protocol.56,57 1,5-Pentanediol (Acros, 98%), silver nitrate
(Alfa-Aesar, 99.995% metal base), copper(II) chloride (Sigma-
Aldrich, 97%), polyvinylpyrrolidone (Sigma-Aldrich, Mw � 55K),
and 4-aminobenzenethiol (Sigma-Aldrich, 97%) were used as re-
ceived. Polymethylmethacrylate e-beam resist (950PMMA A4)
and developer (MIBK/IPA 1:3 developer) were purchased from
MicroChem Corp.

Preparation of SERS Substrates. Square arrays of 200 nm diam-
eter pores were formed by conventional e-beam lithography.
PMMA e-beam resist was spin-coated on a silicon wafer to a
thickness of 200 nm and subsequently baked at 180 °C for 1 min.
The electron beam lithography was carried out using a Raith
e_LiNE system with an accelerating voltage of 15 keV and an ex-
posure dose of 140 C/cm2 using a 10 m aperture. After writ-
ing and developing, the patterns in the PMMA film were trans-
ferred to the underlying silicon substrate by dry etch. The dry
etch was carried out in a reactive ion etching system (Trion Tech.)
using a SF6/O2 gas mixture (50:10 sccm) at a power of 100 W for
10 s. The etch depth was 90�100 nm. The residual of PMMA was
removed by acetone rinse and O2 plasma clean (50 W, 5 min).
The patterned substrate was immersed vertically in a suspen-
sion of AgNCs in water and slowly pulled out by means of a mo-
torized stage at the speed of 0.3 mm/h. Excess AgNCs on the sur-
face were removed by gentle brushing. The substrate was then
immersed in a 0.2 mM 4-ABT solution in ethanol for 3 h, rinsed
extensively with ethanol, and dried under nitrogen.

Characterization of the AgNC Clusters. SERS spectra were meas-
ured with a Horiba Jobin-Yvon LabRAM HR-VIS micro-Raman
spectrometer equipped with a 632.8 nm laser source, a confo-
cal microscope, and an x�y scanning stage. A 50� objective (nu-
merical aperture NA � 0.5) was used for signal collection. SERS
spectra were acquired with incident laser power of 0.6 mW and
acquisition time of 4 s. Images of the pores were recorded by
SEM (Hitachi, SU-70) immediately after the Raman measurement.

Raman Spectra Analysis and Calculation of the SERS Substrate
Enhancement Factor. The Raman signal intensity is quantified as
the integrated peak area for the carbon�sulfur bond stretch of
4-ABT at 1078 cm�1 in each spectrum. Using the same spectrom-
eter settings, a reference Raman spectrum of a 1.0 M solution
of 4-ABT in 1,5-pentanediol was measured, and the Raman sig-
nal intensity per molecule was calculated assuming a cylindrical
focal volume of �2.2 m � 16 m. The SERS substrate enhance-
ment factor (SSEF) is calculated as the Raman signal intensity
divided by the number of molecules on the AgNCs and by the
Raman signal intensity per molecule (from the reference spec-
trum). A monolayer of 4-ABT molecules on the six {001} facets of
the AgNCs is considered, with a density of 5 molecules/nm2.58

Numerical Simulations. Plasmon resonance frequencies and the
surface charge distributions associated with each localized plas-
mon mode were computed by solving the eigenvalue problem
for specific boundary integral equations, as published
previously.46,47 These integral equations were discretized by par-
titioning the surface of each cube into triangular patches and
were solved using LAPACK (version 3.0) eigenvalue solvers. The
computations were repeated with 19 200 and 30 000 triangular
patches for each cube and produced practically the same results.
Steady-state electric field distributions were calculated as a func-
tion of the frequency and intensity of the incident light using
analytical formulas presented in ref 48. There are many ap-
proaches to modeling the plasmonic response of nanostruc-
tures, each with advantages and disadvantages with respect to
computational cost, generality, and accuracy. The main advan-
tage of the eigenvalue method for plasmon mode analysis is that
it provides insight into the symmetry and nature of the optical

interactions. Additionally, since the method separates the effect
of sample geometry and sample dispersion relation, in a single
computation we solve for any material (gold, silver, etc.) and for
any laser polarization. With FDTD methods, any change in the
materials system or in the orientation of the laser field requires
a new computation.

The numerical simulations were performed for ideal geom-
etries of EE, FE, and FF AgNC dimer configurations, as well as
for AgNC monomers. The nanocube edge length was 80 or
100 nm. The complex permittivity of silver was obtained from
the literature.59 The dielectric constant of silicon substrate was
set to 11.7	0.
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