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ABSTRACT: Discrete clusters of closely spaced Au nanoparticles can
be utilized in devices from photovoltaics to molecular sensors because of
the formation of strong local electromagnetic field enhancements when
illuminated near their plasmon resonance. In this study, scalable,
chemical self-organization methods are shown to produce Au nano-
particle clusters with uniform nanometer interparticle spacing. The
performance of two different methods, namely electrophoresis and
diffusion, for driving the attachment of Au nanoparticles using a
chemical cross-linker on chemically patterned domains of polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) thin films are evaluated.
Significantly, electrophoresis is found to produce similar surface
coverage as diffusion in 1/6th of the processing time with an ∼2-fold increase in the number of Au nanoparticles forming
clusters. Furthermore, average interparticle spacing within Au nanoparticle clusters was found to decrease from 2−7 nm for
diffusion deposition to approximately 1−2 nm for electrophoresis deposition, and the latter method exhibited better uniformity
with most clusters appearing to have about 1 nm spacing between nanoparticles. The advantage of such fabrication capability is
supported by calculations of local electric field enhancements using electromagnetic full-wave simulations from which we can
estimate surface-enhanced Raman scattering (SERS) enhancements. In particular, full-wave results show that the maximum SERS
enhancement, as estimated here as the fourth power of the local electric field, increases by a factor of 100 when the gap goes from
2 to 1 nm, reaching values as large as 1010, strengthening the usage of electrophoresis versus diffusion for the development of
molecular sensors.

■ INTRODUCTION

It has long been established that local electromagnetic field
enhancements observed in noble metal nanoparticles, as a
result of excitation at the plasmon resonance, increase as
nanoparticles electromagnetically couple with nanometer scale
interparticle spacing.1,2 Significant advances in controlling the
nanostructure and local composition via chemical synthesis3−6

coupled with theoretical understanding of electromagnetic
coupling2,7−12 allows for tuning optical properties across the
electromagnetic spectrum. While these plasmonic systems have
been demonstrated to have numerous applications such as
molecular sensors and efficiency-enhanced photovoltaics,
scalable methods to produce nanostructures over a large area
on surfaces using processes that are nonprohibitive in cost are
still challenging.
Here, using chemical assembly, colloidal metal nanostruc-

tures are fabricated on substrates with nanometer scale
interparticle spacing over sample areas of 1 cm2. This permits
the versatility achievable in chemical synthesis to be utilized on
surfaces. Furthermore, chemical assembly relies on solution
methods and avoids costly lithographic techniques for
nanostructure formation on substrates while at the same time
achieving nanometer interparticle spacing, which is unachiev-
able even with electron beam lithography.13 Assembly from

colloidal solution as performed here allows for attachment of
complex nanostructures, including core−shell and faceted
structures,14 to patterned chemical domains that can achieve
large area ordering when integrated with larger-scale litho-
graphic methods such as with graphoepitaxial patterning15 or
patterning chemical domains using UV lithography.16 In the
case of diblock copolymers thin films, morphology is variable
by altering the copolymer molecular weights,17,18 and ordered
surface patterns have been produced using field-assisted
patterning19 and solvent evaporation.20 Planar assemblies of
isolated Au nanoparticles and/or clusters can be used in a
number of applications, including highly sensitive molecular
sensors based on SERS21−23 and increased efficiency in
photovoltaic devices.24,25 Inexpensive production of dense
planar assemblies of discrete clusters of nanoparticles would
contribute greatly to developing plasmonic devices.
In this paper we compare two methods of directing

nanoparticle deposition in solution on PMMA domains of
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
thin films: diffusion and electrophoresis. Diffusion deposition
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relies on random Brownian motion, whereas in electrophoretic
deposition (EPD) an external field directs charged nano-
particles to an oppositely charged electrode. EPD has
previously been used to direct colloidal nanoparticles on
patterned conductive regions on surfaces but not to produce
isolated nanoparticle clusters. For example, methods to design
patterned nanoparticle arrays with EPD on conductive domains
have been patterned either on microscale domains,26 as isolated
single nanoparticles,27,28 or in linear domains.27,29 In this study,
a PS-b-PMMA thin film on highly doped Si is used as the
working electrode. The film is not directly etched, but instead
PMMA domains are chemically modified for chemical attach-
ment of a thioctic acid (TA)-functionalized nanoparticle from
colloid.30 Previous studies of nanoparticle deposition with EPD
have demonstrated that dielectric polymer films coated on
conductive electrodes can produce nanoparticle films with
homogeneous morphology of comparable quality to those
deposited directly on conductive substrates.31,32 We use
aqueous-based EPD, which benefits from faster kinetics,
reduced requisite voltage, suitability for materials most stable
in aqueous solutions, and environmental benefits when
compared to more common nonpolar solvents.33 We find
that EPD can produce comparable areal density of Au
nanoparticles on PS-b-PMMA thin films in 1/6th of the
processing time with respect to random diffusion. This is
significant because processing time relates directly to processing
costs. Importantly, we also find that EPD deposition leads to
only a small fraction, <20%, of isolated Au nanoparticles on the
surface, whereas diffusion has ∼50% isolated Au nanoparticles.
Furthermore, when using EPD, Au clusters have relatively
uniform interparticle spacing that is approximately 1−2 nm. We
demonstrate, using electromagnetic full-wave simulations, that
these two latter EPD properties lead to a 100-fold increase in
electromagnetic field intensity as the interparticle spacing is
decreased from 4 to 1 nm that can lead to up to a 104 increase
in SERS intensity. These field enhancements are thus critical
for decreasing detection limits in molecular sensors.

■ RESULTS AND DISCUSSION
First, diffusion and electrophoresis were compared in terms of
Au nanoparticle coverage on the PMMA domains of PS-b-
PMMA thin films. Figure 1a depicts how Au nanoparticles are
chemically assembled on PS-b-PMMA thin films as described in
prior work.30 Here we show Au nanoparticles that have been
functionalized with TA ligand molecules and PS-b-PMMA thin
films that have been treated with ethylenediamine (ED) in
dimethyl sulfoxide (DMSO) solution are illustrated. 1-Ethyl-3-
[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC)
and N-hydroxysulfosuccinimide (S-NHS) (EDC/S-NHS)
cross-linking chemistry is then used to couple Au nanoparticles
to chemically modified PMMA domains,30 since this chemistry
has been reported to induce the covalent attachment of
carboxylic acid end groups with amine end groups.34 In
previous work, we have observed negligible Au nanoparticle
attachment when the chemical surface treatment and cross-
linking steps were not performed.30 The diffusion deposition
method is depicted in Figure 1b, where the PS-b-PMMA
sample surface is suspended face down in the nanoparticle
colloidal solution and random Brownian motion leads to
surface−nanoparticle interactions. The EPD method is
depicted in Figure 1c, where the PS-b-PMMA thin film has
been deposited on highly doped Si, ρ = 0.001 ohm·cm, which is
used as the working electrode. A Pt electrode is suspended in

the aqueous Au nanoparticle solution as the counter electrode.
Zeta potential measurement of the TA-functionalized Au
nanoparticles provides values of −52.8 ± 13.5 mV for 20 nm
Au nanoparticles and −35.0 ± 5.4 mV for 10 nm Au
nanoparticles, and thus the nanoparticles will be attracted to
the Si sample surface with the PS-b-PMMA thin film with the
positive applied bias. While this apparatus was designed to
deposit nanoparticle clusters on a 1 cm2 substrate, the process
could theoretically be designed with larger apparatus to
accommodate larger conductive substrates provided the electric
field strength is maintained across the surface area of the
substrate with a constant electrode distance.
PS-b-PMMA thin films with different surface morphology

were used as templates for Au nanoparticle attachment. It is
well-known that molecular weight affects the surface morphol-
ogy of diblock copolymer thin films.18,35 The molecular weights
of the copolymer precursor were varied to obtain cylindrical
and lamellar PMMA domains. In Figure 2, 1 μm × 1 μm AFM
topography images of PS-b-PMMA thin films with (a) Mn of
55-b-22 kg mol−1, referred to as b(20 nm), (b) Mn of 260-b-
63.5 kg mol−1, referred to as b(40 nm), and (c) Mn of 170-b-
145 kg mol−1, referred to as b(Lam). In Figures 2a and 2b, the
observed morphology is cylindrical. PMMA domains have
mean diameter of 20 nm in Figure 2a, thus are referred to as
b(20 nm), and mean diameter of 40 nm in Figure 2b, thus
referred to as b(40 nm). A lamellar-like configuration of
PMMA domains, referred to as b(Lam), is shown in Figure 2c.
Phase contrast images are included as insets in the AFM
topography images of Figure 2 to clearly identify the PMMA
domains that appear darker when imaged in repulsive mode
during intermittent contact mode AFM imaging.36

To improve attachment of Au nanoparticles on PMMA
domains using the EPD method, first the applied voltage during
EPD was varied to maximize Au nanoparticle surface coverage
using this process. Figure 3 shows SEM images of 20 nm Au

Figure 1. Illustration of chemical self-assembly of Au nanoparticles on
PS-b-PMMA thin films showing (a) schematic of TA-functionalized
Au nanoparticles with carboxylic acid end groups attached to ED-
treated PMMA domains with amine end groups using EDC/S-NHS as
a cross-linker. Schematics of assembly methods are shown for (b)
diffusion deposition and (c) EPD.
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nanoparticles deposited on b(40 nm) thin films using EPD for
10 min at various applied voltages: (a) 1.0, (b) 1.2, (c) 1.5, and
(d) 1.7 V with a 10 mm distance between the electrodes. Figure
3e is a graph of the average Au nanoparticle surface coverage, in
terms of average number of nanoparticles per unit area, for each
applied voltage as determined from ten different 9 μm2 regions
on SEM images. Error bars represent the standard deviation in
the measurements. The Au nanoparticle surface coverage
increases with increased applied voltage up to 1.2 V and then
decreases with further increases in applied voltage. The

relationship between nanoparticle coverage and applied voltage
observed in Figure 3 is not unexpected since the electrolysis of
water will occur at voltages above 1.23 V at acidic pH and T =
25 °C based on the Nernst equation. Electrolysis will locally
lower the pH near the working electrode.37 At low pH, EDC-
activated carbodiimide attachment rates will decrease and EDC
decomposition will increase.34 Other electrochemical decom-
position reactions38−40 may also occur at the electrodes.
Typically reduced voltage,27,41,42 pulsed dc fields,37,42−44 and
asymmetric ac fields44,45 have previously been found to inhibit
electrolysis. We find that voltages at or below 1.2 V appear to
reduce the negative effects of water electrolysis since this yields
the maximum nanoparticle surface coverage.
Diffusion deposition and EPD, with an applied voltage of 1.2

V, are directly compared for the deposition of 20 nm Au
nanoparticles on b(40 nm) thin films. While increased
concentration of EDC cross-linker was demonstrated in our
previous work21 to increase nanoparticle coverage and cluster
formation, analysis of Au nanoparticle attachment using EPD
on b(40 nm) and b(Lam) in Figure S1 of the Supporting
Information demonstrated a maximum threshold of Au
nanoparticle coverage without aggregation was reached after
the addition of 38 μM EDC (94 μM S-NHS) and was
henceforth used. In Figure 4, representative SEM images (1 μm
× 1 μm) are provided of the surfaces following nanoparticle
deposition by (a) diffusion for 120 min, (b) EPD for 10 min,
and (c) EPD for 20 min. Larger scale 4 μm × 4 μm SEM
images of the same samples are provided in the Figure S2 for
the 120 min diffusion and 10 and 20 min EPD measurements.
We found that without using a fresh solution no further
increase of nanoparticle coverage was observed after a 60 min
diffusion deposition or a 10 min EPD. The colloidal
nanoparticle solutions were thus replaced with a freshly made
solution every 60 min for diffusion deposition and every 10 min
for EPD, since EDC has a high rate of hydrolysis during EPD.
The t1/2 of EDC is 72 min at the buffered pH of 6.2, and the
hydrolysis rate increases as pH decreases.46 Figure 4d is a graph
of the average Au nanoparticle surface coverage for both
diffusion deposition and EPD that was determined from SEM
images of at least eight different 9−25 μm2 regions. The data in
Figure 4d demonstrate nanoparticle surface coverage increases
with increased time for EPD, and after 20 min, EPD produces
the same Au nanoparticle surface coverage as a 120 min
diffusion process. On average, EPD produces surfaces with 28%
nanoparticle coverage on PMMA domains with minimal large
aggregate formation on the surface. In comparison, increases in
coverage using diffusion deposition were previously achieved by
increasing TA concentrations that led to some nanoparticle
aggregate formation on the surface.21

Figure 2. AFM topography images of PS-b-PMMA thin films with (a) Mn of 55-b-22 kg mol−1, referred to as b(20 nm), (b) Mn of 260-b-63.5 kg
mol−1, referred to as b(40 nm), and (c) Mn of 170-b-145 kg mol

−1, referred to as b(Lam). Phase contrast AFM images are shown as insets. All scale
bars are 200 nm.

Figure 3. SEM images of 20 nm Au nanoparticles on b(40 nm) thin
films after 10 min EPD at an applied voltage of (a) 1.0, (b) 1.2, (c) 1.5,
and (d) 1.7 V. All scale bars are 500 nm. (e) Graph of Au nanoparticle
surface coverage (average number of nanoparticles per unit area and
standard deviation represented with error bars) as a function of
applied EPD voltage.
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One of the critical physical parameters in achieving high
electric field enhancement in nanoparticle clusters is the
interparticle spacing,1,47 as it will be shown later with full-wave
simulations of the local electromagnetic field, based on the
finite element method. Therefore, first we show that the ED
treatment of the PS-b-PMMA thin films and the type of
deposition method, EPD versus diffusion, were both found to
play a role in interparticle spacing and hence constitute
important ingredients for local field enhancement. First we
show how varying the ED treatment of PS-b-PMMA thin films
affects interparticle spacing. In Figure 5, 500 nm × 500 nm
AFM topography images of b(40 nm) thin films after exposure
to 2 vol % ED in DMSO solution for 1 min (Figure 5a) and 5
vol % ED in DMSO for 5 min (Figure 5b) are shown. Line
profiles with the same height scales are included as insets.
Downward blue (green) arrows point to PMMA domains on
the line profiles for the 2% (5%) ED-treated b(40 nm) thin
films. Depressions of approximately 1−2 nm are observed on
PMMA domains after the 2 vol % ED treatment, whereas
depressions of 4−5 nm are observed for the 5 vol % ED
treatment. In the latter case, elevated ridges at the edges of the
PMMA domains are also observed likely due to displaced
PMMA. After the 2% ED treatment and diffusion deposition,
20 and 10 nm Au nanoparticles are observed both near the
center of PMMA domains and on PS/PMMA interfaces; see
the SEM images of Figure 5c and 5d, respectively. Whereas
after the 5% ED treatment and diffusion deposition, 20 nm
(Figure 5e) and 10 nm (Figure 5f) Au nanoparticles appear to
preferentially assemble at the PS/PMMA interfaces, particularly
for the case of 10 nm Au nanoparticles. The preference for
attachment at hydrophobic/hydrophilic interfacial, ridged
features has been previously observed during diffusion48,49

and during EPD.29 This suggests that the Au nanoparticles
attach to PS/PMMA (hydrophobic/hydrophilic)30 interfaces

due to the ridged surface topography due to the ED treatment.
PS/PMMA interfacial ring-oriented attachment of 10 nm
nanoparticles with diffusion deposition and the 5% ED

Figure 4. SEM images of 20 nm Au nanoparticles on b(40 nm) after (a) diffusion deposition for 120 min and EPD for (b) 10 or (c) 20 min. All scale
bars are 200 nm. (d) Average Au nanoparticle surface coverage (average number of nanoparticles per unit area and standard deviation represented
with error bars) for samples a−c acquired from at least eight different 9−25 μm2 regions in SEM images.

Figure 5. 500 nm × 500 nm AFM topography images of b(40 nm)
thin films after exposure to (a) 2 vol % ED in DMSO solution for 1
min and (b) 5 vol % ED in DMSO solution for 5 min. Line profiles are
included as insets in AFM images with the same height scale; arrows
highlight the location of PMMA domains. SEM images, with 100 nm
scale bars, of Au nanoparticles deposited by diffusion deposition on the
(c, d) 2% and (e, f) 5% ED-treated b(40 nm) thin films. The diameter
of Au nanoparticles are (c, e) 20 nm and (d, f) 10 nm.
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treatment generally leads to increased interparticle spacing in
clusters that is not desirable for hot spot creation but may be
applicable for Fano resonances or supporting magnetic
modes.50,51

A 5% ED treatment typically leads to higher Au nanoparticle
coverage. Thus, diffusion deposition and EPD were then
compared in terms of Au nanoparticle cluster formation on
b(40 nm) surfaces after 5% ED treatment. In Figure 6a, the
graph shows the percentage of Au nanoparticles that form
multiparticle clusters on b(40 nm) thin films (the remainder
are isolated Au nanoparticles) for both deposition methods.
The graph was generated from SEM images, and representative
images are shown in Figure S2. When comparing diffusion and
EPD, the latter nearly doubles the relative number of Au
nanoparticles arranged in clusters on the surface. Note that
EPD on unpatterned ED-treated PMMA surfaces and SiO2/Si
surfaces did not lead to cluster formation (see Figure S3), and
thus it is the combination of chemical patterning and EPD that
leads to cluster formation. Figure 6b,c provides a table of
approximately 80 nm × 80 nm SEM images of representative
clusters on b(40) thin films observed after diffusion deposition
(Figure 6b) and EPD (Figure 6c), and their frequency of
occurrence is listed as text in the images. The first row of SEM
images corresponds to 20 nm Au nanoparticles and the second
row corresponds to 10 nm Au nanoparticles. The first, second,
third, and fourth columns correspond to single particles,
dimers, trimers, and larger clusters having four or more
nanoparticles, respectively.
The percentage of Au nanoparticles incorporated in each

type of cluster that is listed on the SEM images of Figures 6b
and 6c was obtained from statistical analysis of 9 μm2 SEM
images collected at 4−8 different locations on each of the
sample nanoparticle arrays. SEM analysis indicates that cluster
formation during EPD has a different dynamic than during
diffusion. EPD produces fewer single 20 nm Au nanoparticles,

26 ± 4%, than diffusion, which has 49 ± 4%. For both diffusion
deposition and EPD methods, the PMMA domain size/
nanoparticle diameter ratio was found to influence the size of
the cluster. Examination of the data in Figure 6 shows that
larger clusters are observed more frequently on 40 nm PMMA
domains when the nanoparticle diameter was 10 nm, ratio 4/1,
than when the diameter was 20 nm, ratio 2/1. Consider that
after EPD deposition on b(40 nm) thin films single 10 nm Au
nanoparticles on PMMA domains form with a probability of 14
± 4% and 20 nm Au nanoparticles exist as single particles with
a probability of 26 ± 4%. The number of isolated or single 10
nm particles observed decreases by at least 10% for both EPD
and diffusion deposition when compared to 20 nm nano-
particles on b(40) thin films. Furthermore, when decreasing the
PMMA domain size to 20 nm, the percentage of 10 nm Au
nanoparticles in larger clusters, domain/diameter ratio of 2/1
(see Figure S4) is similar to 20 nm nanoparticles on 40 nm
PMMA having the same ratio. Overall, the PMMA domain to
nanoparticle diameter ratio influences the cluster size during
diffusion deposition; larger domains yield on average larger
clusters when the nanoparticle diameter is fixed.
An increase in dimers and trimers on the surface is important

since these types of clusters are associated with high electric
field enhancements as shown in simulations in our previous
studies.21 Furthermore, when using EPD, the average
interparticle spacing in clusters decreased to approximately
1−2 nm and is more uniform in comparison to diffusion
deposition when examining the SEM images of Figure 6.
Examination of the same Figure 6 shows that the interparticle
gap spacing for 20 nm Au nanoparticles in clusters was 2−7 nm
on average with diffusion deposition. Uniformity of interparticle
spacing with isolated nanoparticle clusters has been quite
challenging using self-assembly methods, generally requiring
the addition of a molecular cross-linker between the nano-
particles.52 The reduced interparticle spacing observed after

Figure 6. (a) Percentage of Au nanoparticles observed in clusters on the surface of b(40 nm) thin films as a function of deposition parameters. SEM
images of Au nanoparticle clusters with diameter of 20 nm (top row) and 10 nm (bottom row) after (b) diffusion deposition and (c) EPD. The
frequency of occurrence of nanopartices in each type of cluster is listed on the bottom of the SEM images.
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EPD may be associated with intertwining of the ligand (for
thioctic acid it is ∼1 nm in length).41 Derjaguin−Laudau−
Verwey−Overbeck (DLVO) theory also predicts that the
double layer thins near the electrode surface due to increased in
ionic strength;53 in this case van der Waals forces will also lead
to smaller interparticle spacings.54,55 The decrease in
interparticle spacing with EPD is critically important for local
electric field enhancements that are expected to rapidly increase
with decreasing interparticle spacing as this value goes below 10
nm.56

Using our previous setup,21 we performed full-wave
simulations employing the finite element method (high
frequency structure simulator, HFSS, by Ansys Inc.) in order
to investigate the effect of changing interparticle gap spacing on
SERS enhancement. In Figure 7, calculated electric field
enhancements for 1−4 nm gap spacings between nanoparticles
in representative cluster configurations observed in SEM
images of Figure 6 are shown. We consider dimers, linear
trimers, and linear quadrumers since these represent dominant
nanoparticle configurations observed on fabricated samples.
The electric field enhancement is here intended as |Ecl/E0|,
where E0 is the plane wave field without clusters (still
accounting for the multilayered environment in simulations as
discussed next) and Ecl is the field with clusters, occurring
between the nanoparticles in the middle of the gap between
contiguous nanoparticles. Therefore, we investigate the field
enhancement in the “hot spots”. Moreover, Au nanoparticles
have diameter of ≈20 nm with permittivity taken from ref 57
and have been assumed to be embedded in a layer with
dielectric constant of 2.47 (40 nm thickness) on top of a silicon
substrate. This dielectric permittivity of 2.47 is close in value to
the one of PMMA and a layer of benzenethiol molecules
covering the nanoparticles (in the simulations the nanoparticles
are assumed to be at the center of the 40 nm thick layer). For
simplicity of calculations we array the clusters in a square

lattice, with a period large enough to affect weakly the
maximum field between the nanoparticles in a cluster (see
Supporting Information in ref 21) so as the clusters can be
considered isolated. We illuminate each cluster configuration
with a plane wave, with incidence orthogonal to the surface,
with electric field polarized along the axis of the linear cluster,
for the range of excitation wavelengths between 400 and 1000
nm. Results in Figure 7 show that a slight increase in the gap
size dramatically diminishes the local electric field enhance-
ment, going for example from about ≈365 for the linear
quadrumer case with 1 nm gap to about ≈130 when the gap is
2 nm to values less than ≈45 when the gap is 4 nm. We note
also the resonance blue shift for increasing gap size. Calculation
of the local electric field enhancement allows us to infer an
estimate of the theoretical SERS enhancement, simply
computed here as the fourth power of the field enhancement
|Ecl/E0|

4, which would range from about ≈1010 for the linear
quadrumer case with 1 nm gap to about ≈3 × 108 when the gap
is 2 nm and finally to values less than ≈4 × 106 when the gap is
4 nm. This shows the potential of substrates made of linear and
triangular clusters of closely spaced nanoparticles for SERS
applications. Since EDP enables a higher fraction of clusters
with smaller gap size, it is expected that this method will lead to
improved performance for sensing applications.
Polymer surface morphology was varied to examine the

effects on Au nanoparticle assembly. Au nanoparticle attach-
ment on b(Lam), which has 48% PMMA surface area was
compared to that on b(40 nm), which has 20% PMMA surface
area. Analysis of the SEM images, shown in Figure S1,
demonstrates that Au surface coverage is ∼10% higher on
b(Lam) surfaces. Figure 8a summarizes SEM data analyses and
shows the percentage of nanoparticle assemblies in each of the
listed clusters. Note the increased number of dimer and linear
trimer cluster arrangements with b(Lam) when compared with
b(40 nm). Using the same setup described to compute the

Figure 7. Theoretical electric field enhancement |Ecl/E0| computed in dimers, linear trimers, and linear quadrumers versus illumination wavelength
when excited with a plane wave orthogonal to the surface, with electric field polarized along the cluster axis. Results retrieved via full-wave
simulations employing the finite element method for various gap sizes.

Figure 8. (a) Percentage of Au nanoparticles observed in single particle clusters, dimers, linear trimers, 90° trimers, 60° trimers, and larger clusters
on b(40 nm) and b(Lam) thin films using EPD acquired from SEM data. (b, c) Electric field enhancement for the two polarizations of the incident
plane wave in the insets for various cluster configurations: dimers, linear trimers, trimers 60°, trimers 90°, and linear quadrumers, for a gap of 1 nm
between nanoparticles. The linear configurations are not reported in (c) because the wave is not expected to couple for plane wave polarization
orthogonal to the cluster axis.
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results shown in Figure 7, we report in Figure 8b,c full-wave
electromagnetic results showing the theoretical electric field
enhancement |Ecl/E0| for different cluster configurations. In the
case of triangular trimers, SEM images show that nanoparticles
may be clustered with various angular values. That is why we
analyze here two representative cases of 60° and 90° angles.
Interparticle gap size is kept equal to 1 nm, as in the previous
case for linear clusters, as well of the triangular clusters now
considered. We illuminate each structure with a plane wave,
with incidence orthogonal to the surface, with electric field
polarized along the two directions in Figure 8b,c for the range
of excitation wavelengths between 400 and 1000 nm. Results in
Figure 8b,c show that stronger electric field enhancement is
achieved with linear clusters (dimers, trimers, quadrumers)
around 650 nm with respect to other trimer (triangular)
configurations. We observe both increasing electric field
enhancement and a resonance red shift for increasing number
of particles in the linear configurations. We also note that
electric field enhancement values, relative to the gap distances
here considered, are not very sensitive to the angular value in
triangular trimers. Furthermore, for these clusters, one
polarization of the incident plane wave leads to slightly
stronger electric field enhancement with respect to the other.
These simulations overall show that the increased number of
dimers and trimers arrangements is important for use in sensing
applications. Linear trimers and quadrumers provide stronger
electric field enhancement than triangular clusters, when the
polarization matches with the axis of the linear cluster. Vice
versa, triangular clusters provide slightly weaker fields than
linear trimers and quadrumers, but their field enhancement, and
thus SERS, is robust with respect to the polarization. Indeed,
we estimate SERS enhancements of about 109−1010 when
computed as the fourth power of the field enhancement. As a
consequence of such numerical results, we estimate that EPD
attachment on b(Lam) PS-b-PMMA array provides a SERS
surface that produces stronger signal enhancements as
compared to b(40 nm) due to the combination of both
increased total nanoparticle attachment and increased fre-
quency of nanoparticle clustering in such configurations.

■ CONCLUSIONS
In this study, we compare EPD to diffusion deposition for
assembly of Au nanoparticle clusters on PMMA domains of PS-
b-PMMA thin films. We find that EPD, when adjusting dc
voltage to reduce electrolysis, requires only 1/6th the
processing time as diffusion for achieving comparable Au
nanoparticle surface coverage, >1010 nanoparticles/cm2. EPD
leads to more Au nanoparticles forming clusters on the surface
versus diffusion assembly for both 10 and 20 nm diameter
nanoparticles. The plasmon resonance of 20 nm Au nano-
particles, as determined from full wave simulations, occurs near
the wavelength of a helium−neon laser (633 nm) and thus can
be excited with a standard laser. Optimization of the EPD
process using an ac field,44,45 for example, could be used to
increase Au coverage in future work while still keeping the
coverage below the hexagonally close packed limit where
electric field enhancements decrease.21 Moreover, EPD
demonstrated more uniformity of the interparticle spacing
within nanoparticle clusters, with average spacing of 1−2 nm
for EPD in comparison to 2−7 nm for diffusion deposition.
The decreased interparticle spacing within clusters is important
for achieving increased electric field enhancements as
demonstrated by electromagnetic full-wave simulations. Simu-

lations demonstrated that dimer, linear trimer, and linear
quadrumer nanoparticle clusters produced the strongest
enhancements when comparing enhancements in isolated
clusters considered here. When the interparticle spacing in
the clusters is reduced to 1 nm, we estimate an increase in the
local electric field enhancement. When estimating a theoretical
SERS enhancement (defined as the fourth power of the electric
field enhancement in the hot spots), we find the SERS
enhancement can reach values as large as 1010 for the linear
cluster configurations. In the case of triangular trimer
configurations, we estimate slightly lower field enhancements
than linear clusters; the theoretical SERS enhancements is
estimated to reach ∼109 when the interparticle spacing is 1 nm,
and SERS is not expected to be strongly dependent on the
polarization. PS-b-PMMA surface morphology affected cluster
formation; on lamellar-like surface morphologies, b(Lam), we
observe an increased frequency of the more strongly field
enhancing dimers and linear trimers in SEM images as
compared to cylindrical PMMA configurations, b(40 nm).
Because of the higher coverage of PMMA domains on b(Lam)
versus b(40 nm), we also obtain a higher overall coverage of Au
nanoparticles on the surface. Optimization of b(Lam) surfaces
in terms of uniformity of PMMA domains and EPD deposition
parameters would be a good starting point for optimizing
sensor performance. Overall, EPD produces a distribution of
clusters on the surface that include a high coverage of dimers,
trimers, and quadrumers with nanometer interparticle gap
spacings that are calculated to exhibit high electric field
enhancements. EPD thus represents a low-cost method that is
highly desirable for the development of molecular scale sensors.

■ MATERIALS AND METHODS
Materials. The random copolymer poly(styrene-co-methyl meth-

acrylate)-α-hydroxyl-ω-tempo moiety (PS-r-PMMA) (Mn = 7400,
59.6% PS) and block copolymer poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) (of molecular weights b(20 nm) Mn = 55-b-22 kg
mol−1, b(40 nm) Mn = 260-b-63.5 kg mol−1, and b(Lam) Mn = 170-b-
144 kg mol−1) were purchased from Polymer Source, Inc. (Dorval,
Canada). Boron-doped silicon wafers with of resistivity 1−10 ohm·cm
for diffusion deposition were purchased from University Wafer (South
Boston, MA), and Si wafers with resistivity of 0.001−0.004 ohm·cm
for electrophoresis deposition (EPD) were purchased from Virginia
Semiconductor (Frederickburg, VA). Gold(III) chloride trihydrate
(HAuCl4·3H2O), DL-6,8-thioctic acid (C8H14O2S1) (TA), ethylenedi-
amine (ED), dimethyl sulfoxide (DMSO), ethanol, isopropanol (IPA),
toluene, and 52 mesh Pt gauze foil were purchased from Sigma-Aldrich
(St. Louis, MO). 10 nm diameter unconjugated Au nanoparticle
aqueous colloid (British Biocell Intl.) and 20 nm diameter citrate-
capped Ag nanoparticle colloid (PELCO NanoXact) were purchased
from Ted Pella (Redding, CA). Sodium citrate, sodium hydroxide
(NaOH), and hydrofluoric acid (HF) were purchased from Fisher
Scientific (Pittsburgh, PA). 2-(N-morpholino)ethanesulfonic acid
(MES) 0.1 M buffer, 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDC), and N-hydroxysulfosuccinimide
(S-NHS) were purchased from Pierce (Rockford, IL). Nanopure
deionized water (DI) (18.2 MΩ cm−1) was obtained from a Milli-Q
Millipore system and used for all experiments.

Diblock Copolymer Thin Film Preparation and Chemical
Functionalization. Solutions of 1 wt % PS-r-PMMA random
copolymer, with anchoring α-hydroxy-ω-tempo moiety end groups,
in toluene are deposited by spin-coating at 3000 rpm for 45 s on Si
substrates. Si substrates were cleaned with 10% v/v HF/DI and treated
with a fresh oxide layer by rinsing with DI. PS-r-PMMA films were
annealed at 170 °C for 72 h in vacuum and rinsed with toluene after to
form a brush layer of 6−7 nm PS-r-PMMA with ∼59.6% surface
coverage of PS. The PS-b-PMMA thin film layer was deposited by
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spin-coating at 5000 rpm for 45 on the random copolymer brush an
annealing at 170 °C. Annealing continued for 72 h for the b(20 nm)
and b(Lam) and 120 h for the b(40 nm) configuration. The PS-b-
PMMA substrates were rinsed with 50/50 v/v IPA/DI for 1 min
followed by immersion in DMSO for 5 min and 1−5 min immersion
in 2−5% vol % ED in DMSO to functionalize the surface PMMA
regions of the substrate with amine functional groups.58 The standard
treatment of ED was for 5 min in 5 vol % ED in DMSO solution. Any
deviations are clearly stated in the text. The surfaces were rinsed with
IPA after ED treatment.
Au Nanoparticle Synthesis and Functionalization. Au nano-

particles with 20 nm diameter were synthesized by citrate reduction of
0.01 wt % HAuCl4·3H2O in aqueous sodium citrate solution using the
Turkevich method.59 The 20 nm Au nanoparticles were functionalized
with TA at concentration 0.50 mM by the addition of 10 μL of 0.05 M
TA ethanolic solution for each milliliter of Au nanoparticle solution
readjusted to pH 11.67 with dilute NaOH, followed by 18 h
continuous stirring. Citrate stabilized colloidal Au nanoparticles of 10
nm diameter (and colloidal Ag nanoparticles of 20 nm diameter) were
purchased in 0.01 wt % aqueous solution to maintain consistent
particle size. This Au nanoparticle solution was functionalized with TA
after replacing the solvent with pH 11.67 dilute NaOH solution as
previously reported in Choi et al.30 The 10 nm Au nanoparticles were
functionalized with TA at concentration 0.25 mM. For both types of
nanoparticles, the residual TA was removed from the nanoparticle
solution and the basicity reduced to pH 8 by centrifuging at 7000g for
20 min for 20 nm Au nanoparticles and 65000g for 50 min for 10 nm
Au nanoparticles. This was followed by resuspension in DI water at
twice the nanoparticle concentration for the 20 nm nanoparticles and
at the same nanoparticle concentration for the 10 nm nanoparticles.
Introduction of Chemical Cross-Linker. The chemical cross-

linker EDC/S-NHS was introduced to the aqueous colloidal TA-
functionalized Au nanoparticle solution at concentrations ranging from
20 to 52 μM EDC from 2 mM EDC in 0.1 M MES buffer and 50−130
μM S-NHS from 5 mM S-NHS in 0.1 M MES buffer with a molar
ratio of 0.4:1.0 EDC:S-NHS maintained. The standard concentrations
of EDC:S-NHS were prepared at 38:95 μM for 20 nm Au
nanoparticles and at 20:50 μM for 10 nm Au nanoparticles. Any
deviations are clearly stated in the text.
Chemical Cross-Linking Attachment by the Diffusion

Deposition Method. The ED-treated PS-b-PMMA thin films on Si
were horizontally suspended in 2 mL of the cross-linker-activated Au
nanoparticle solution for each cm2 of substrate with the functionalized
side of the PS-b-PMMA thin film immersed facedown and incubated at
40 °C for 120 min (in 60 min durations with refreshed nanoparticle
solution) followed by IPA wash.
Chemical Cross-Linking Attachment by the EPD Method.

The ED-treated PS-b-PMMA thin films on Si (anode) were vertically
suspended parallel to a Pt mesh electrode (cathode) with 10 mm
separation in a 10 mL beaker and connected to a BK Precision 1621a
dc-regulated power supply. Both the PS-b-PMMA thin films on Si and
the Pt electrode were immersed in 4 mL of the cross-linker-activated
Au nanoparticle solution, and a constant voltage of up to 1.7 V for 10−
20 min was applied (in 10 min durations with refreshed nanoparticle
solution). The standard EPD voltage used was 1.2 V. Any deviations
are clearly stated in the text. Afterward, the samples were rinsed with
IPA.
Nanocharacterization. The surfaces were analyzed with atomic

force microscopy (AFM) using an Asylum Research MFP 3D AFM
(Santa Barbara, CA) with 75 kHz resonance frequency probes with
diamond-like carbon coating produced by BudgetSensors. Scanning
electron microscopy (SEM) analysis was measured with a Sirion XL30
SFEG (FEI, Hillsboro, OR), a Quanta3D Dual Beam SEM (FEI), and
a Magellan XHR SEM (FEI).

■ ASSOCIATED CONTENT

*S Supporting Information
Additional figures as described in the text, SEM images of the
effects of varying EDC concentration with EPD of Au

nanoparticles on b(20 nm) and b(Lam) (Figure S1), 4 μm ×
4 μm SEM images of samples from Figure 4 (Figure S1), SEM
images of Au nanoparticle attachment by EPD on PMMA thin
film on Si and SiO2/Si substrates (Figure S2), and SEM image
of 10 nm Au nanoparticles on b(20 nm) deposited by EPD on
b(20 nm) with nanoparticle cluster frequency analysis (Figure
S3). This material is available free of charge via the Internet at
http://pubs.acs.org.
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