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Plasmonic systems based on metal nanoparticles on a metal ﬁlm have generated great interest for surfaceenhanced Raman spectroscopy (SERS) chemical sensors. In this study, we describe the fabrication of
ultrasensitive SERS substrates based on high-density gold nanostar assemblies on silver ﬁlms with tailored
surface plasmons, where multiple ﬁeld enhancements from particle–ﬁlm and interparticle plasmon
couplings and lightening rod eﬀects of sharp tips of nanostars contribute to the enormous Raman
enhancements. We show that the interplay between interparticle and particle–ﬁlm plasmon couplings of
high-density gold nanostars (GNSs) on metal and dielectric ﬁlms as a function of interparticle separation
can be tailored to provide maximum SERS eﬀects. We observe that the SERS enhancement factor (EF) of
GNSs on a metal ﬁlm as a function of interparticle separation follows a broken power law function,
where the EF increases with the interparticle separation for the strong interparticle coupling range below
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an interparticle separation of 0.8 times the GNS size, but decreases for the weak interparticle coupling
range (for an interparticle separation of >0.8 times the GNS size). Finally, we demonstrate the use of
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tailored plasmonic substrates as ultrasensitive SERS chemical sensors with an attomole level of detection
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capability of 2,4-dinitrotoluene, a model compound of nitroaromatic explosives.

Introduction
The collective oscillation of electrons of noble metals by incident
light leads to enhanced electromagnetic elds, conned to
propagate along metal–dielectric interfaces in the form of
surface plasmon polaritons (SPPs), or localized to surface
roughness features or nanoparticles as localized surface plasmons (LSPs).1,2 The enhanced electromagnetic elds associated
with metal nanostructures are of great scientic interest, and
essential for a wide range of applications, including surfaceenhanced spectroscopies,3–5 molecular sensors,3,6–10 imaging,11–13
light harvesting,14,15 waveguides,16,17 and optical circuits.16,18 In
particular, the enhanced elds are widely utilized in surfaceenhanced Raman scattering (SERS),7,19–24 where Raman scattering of molecules is enhanced by many orders of magnitude
when the molecules are within the localized region with greatly
amplied electric elds (E-elds), or so-called “hot spots”. The
hot spots exist in the subnanometer gaps between nanoparticles
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and near the sharp corners and asperities of the metal nanostructure. A wide variety of approaches have been used to
provide SERS hot spots, such as fractal aggregation of noble
metal nanoparticles,25,26 regular nanoparticle assemblies,27,28
and metal lms over nanospheres;29,30 however, the precise
control and reproducible formation of nanometer-scale gap
distances between nanoparticles remain a challenge for SERS
substrate fabrication.
Recently, plasmonic systems consisting of metal nanoparticles separated from metal lms by nanometer scale gaps
have attracted great attention as SERS substrates, because the
precise gap regions between metal nanoparticles and lms can
provide reproducible hot spots with large SERS enhancements.31–37 Similar to the interparticle couplings between LSPs of
metal nanoparticles, the LSPs of metal nanoparticles can couple
with their own image charges in the metal lms or the propagating SPPs at the surface of metal lms, rendering the formation
of hot spots between the nanoparticles and lms.38,39 Theoretical
and experimental studies have shown that the plasmonic properties of particle-on-lm systems are strongly dependent on the
gap distances between nanoparticles and lms, the nanoparticle
shapes and sizes, and the dielectric properties of both substrates
and their environments.40–43 Plasmonic systems, consisting of a
single metal nanoparticle or a nanoparticle pair on a metal lm,
have been investigated extensively, resulting in a good understanding of the plasmonic coupling of the LSP of individual
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nanoparticles with its image charges or SPP modes on the metal
lm.41–46 However, few studies have been performed on plasmonic systems consisting of high-density metal nanoparticle
assemblies on metal lms,47–49 where the strong interparticle
couplings in high-density nanoparticle assemblies are expected
to aﬀect the nanoparticle–lm plasmon couplings.
For the design of highly-sensitive SERS substrates based on
high-density metal nanoparticle assemblies on metal lms, it is
critical to understand the eﬀects of nanoparticle surface densities on the interparticle and the particle–lm plasmon couplings
and the resulting ensemble-averaged E-eld enhancements.
Here we report on our investigation of the plasmonic properties
of high-density gold nanostar (GNS) assemblies arranged on
various metals (silver and gold) and dielectric (silicon and glass)
substrates. In particular, by analyzing the nite-diﬀerence timedomain (FDTD) calculation of E-elds and the experimental
SERS intensities, we observed that the E-elds from particle–lm
plasmon couplings were strongly aﬀected by interparticle
couplings, which depended on the GNS surface densities (or
interparticle gap separations). Based on the understanding of the
eﬀects of GNS surface density on the interplay between interparticle and particle–lm couplings, we fabricated optimally
designed SERS substrates with tailored surface plasmons that
can detect target molecules on the scale of an attomole.

Result and discussion
Fig. 1(a) shows a scanning electron microscopy (SEM) image of
high density GNS assemblies on a metal lm, which provide
multiple E-eld enhancements from interparticle (GNS–GNS)
and particle–lm (GNS–lm) couplings, supported by the propagating SPPs on the metal lm (Fig. 1(b)). Here, the excitation of
SPPs on metal lms by the incident light was enabled by the
existence of GNSs. The GNSs acted as nanoantenna receivers
that couple the incident light into SPP modes in the underlying
metal lms.47,50 The inset in Fig. 1(a) shows a transmission
electron microscopy (TEM) image of GNSs (core diameter: 57  9
nm; branch length: 11  3 nm; bottom diameter of the branch:
18  5 nm; and tip diameter of the branch: 9  3 nm). Ultraviolet-visible (UV-vis) absorption measurements conrmed a LSP
resonance (LSPR) peak at 640 nm (Fig. S1†), which is attributed
to the surface plasmons of the branched tips.51 For the assembly
of high-density GNSs on the substrates, we utilized electrostatic
interactions between the negatively-charged sodium citrate
added to the GNS solution and the positively-charged poly(diallyl
dimethylammonium) (PDDA) layer on the substrates
(Fig. 1(c)).52,53 This assembly process formed uniform highdensity GNS assemblies that were separated from the metal
lms by a 1 nm thick PDDA layer (Fig. S2†).
To investigate the eﬀects of diﬀerent substrates on the SERS
properties of GNS assemblies, we used 200 nm thick Au and Ag
lms on Si substrates, as well as Si and glass substrates. Fig. 2(a)
shows the Raman spectra of 0.1% benzenethiol molecules
adsorbed on SERS substrates consisting of GNS assemblies on
Au, Ag, Si, and glass surfaces with a PDDA layer in between (SEM
images in Fig. S3†). The intensity of the Raman spectra was
strongest for GNS assemblies on Ag lms, followed by Au, Si, and
Nanoscale
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glass substrates. In particular, we noted that the SERS EF
increased from 2.7  105 for GNS assemblies on the glass
surface to 4.4  107 for GNS assemblies on the Ag surface, which
is a 160-fold increase (Fig. 2(b)). This signicant increase in the
SERS EF indicates the critical role of plasmon couplings between
GNSs and metal lms in addition to the interparticle plasmon
couplings in high-density GNS assemblies on metal lms. The
LSPs of GNS assemblies hybridize with the propagating SPPs on
the noble metal (Au, Ag) lms and also interact with their image
charges in the metal lms,38,39 resulting in a strong enhancement of the E-elds in the particle–lm gap region.32,35,37,43 In
contrast, for GNS assemblies on dielectric substrates (silicon and
glass), there are only image charge contributions, with no
evidence of the eﬀects of hybridization between the LSPs and
SPPs; this is attributed to the absence of SPP modes on the
surface of the dielectric substrates,40,54 resulting in a relatively
weak SERS enhancement (Fig. 2(a) and (b)). The diﬀerence in
SERS EFs on metal and dielectric substrates agreed well qualitatively with the FDTD simulations of the E-eld intensity for
GNSs assembled on diﬀerent substrates (Fig. S4†).
We also noted that the SERS EF for the Ag surface was about
9 stronger than that for the Au surface (Fig. 2(b)), which can
be explained by the diﬀerence in optical loss between the Au
and Ag surfaces. The SPP modes excited in the metal lm have
been known to enhance interactions between the LSPs of metal
nanoparticles on a metal lm.43 Because Ag has a lower optical
loss and longer SPP propagation length than Au,55 Ag lms can
support stronger interparticle couplings in GNS assemblies and
thus provide larger SERS EFs. The diﬀerence in the SERS EF
between the non-conducting Si and glass substrates is attributed to the diﬀerence in the permittivity of the substrates. The
substrates with a higher permittivity (3) provide stronger image
charges and thus larger interactions with the LSPs of metal
nanoparticles.40,56 Therefore, Si substrates (3  11.76 at the
frequency of 0.5 MHz)57 exhibited a larger SERS EF than that of
glass substrates (3  4.6 at the frequency of 94 GHz).58
To understand the behavior of interparticle and particle–lm
plasmon couplings with diﬀerent interparticle separations for
GNSs on metal and dielectric substrates, FDTD simulations
were carried out to analyze the E-eld enhancements for the
interparticle and particle–lm gap regions. Fig. 3(a) and (b)
show the FDTD simulation results for the E-eld distribution of
GNS assemblies on Ag and glass substrates with an interparticle
tip-to-tip separation of 10 nm. Detailed inspection of the local
E-elds in the gap regions clearly showed distinct eld intensities at the interparticle and particle–lm gaps (Fig. 3(c) and
(d)). Fig. 3(c) indicates that the local elds at the gap between
the GNS tip and the Ag lm were signicantly stronger than
those between the GNS tips. On the other hand, for GNSs on a
glass substrate, the local elds between the tips were similar to
those between the GNS tip and the glass surface (Fig. 3(d)). Note
that hot spots with strongly-enhanced E-elds were located
directly between the tip and the lm for the GNS–Ag gap, which
was diﬀerent from the hot spots located near the end of the tip
for the GNS–glass gap. Additionally, for GNSs on a Ag lm, the
E-eld from interparticle coupling was 30% stronger than that
for GNSs on a glass substrate. All of these observations imply
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Fig. 1 Formation of high-density GNS assemblies on metal ﬁlms. (a) An SEM image of high-density GNS assemblies on a metal ﬁlm. The inset shows a TEM image of
GNSs with sharp tips. (b) Schematic representation of ﬁeld enhancements on the high-density GNS assemblies on a metal ﬁlm showing the GNS–ﬁlm and GNS–GNS
plasmon couplings, in combination with the propagating SPP modes on the metal ﬁlm. (c) Schematic procedure of the electrostatic assembly of high-density GNSs on
metal ﬁlms via the electrostatic interaction between negatively charged sodium citrate additives on the GNS assemblies and the positively charged PDDA coating on the
metal ﬁlm.

Fig. 2 Comparison of surface-enhanced Raman spectroscopy (SERS) intensities
of high-density GNS assemblies assembled on diﬀerent metal and dielectric
substrates. (a) SERS spectra of 0.1% benzenethiol molecules adsorbed on highdensity GNS assemblies on metal (Ag, Au) and dielectric (Si, glass) substrates. (b)
SERS enhancement factors of high-density GNS assemblies on Ag, Au, Si, and glass
substrates.

that the plasmon coupling behaviors are diﬀerent for GNS–Ag
and GNS–glass systems.
To shed light on plasmon coupling behaviors that depend on
interparticle separations, the local (GNS–Ag, GNS–GNS) E-eld
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enhancements (|E/E0|) as a function of interparticle separation
were analyzed for GNS assemblies on Ag and glass substrates
(Fig. 3(e) and (f)). For GNS assemblies on Ag lms, the eld
enhancement from GNS–GNS coupling decayed exponentially
as the interparticle separation (D) increased, which is typically
observed for near-eld interactions in nanoparticle assemblies.59,60 The eld enhancement was well t with the exponential decay curve y ¼ a  exp(x/l) + y0, resulting in an
amplitude of a ¼ 33.1 and a decay length of l ¼ 7.5. Here, the
amplitude (a) tells us the magnitude of the E-eld dependence
on the interparticle gap distance and the decay length (l) tells us
the exponential damping length of the E-eld intensity.
However, the eld enhancement from GNS–Ag lm coupling
exhibited an inverse exponential decay curve as a function of
interparticle separation (a ¼ 310.6, l ¼ 51.9). This inverse
exponential decay behavior can be explained by the competition
between the GNS–GNS and GNS–Ag lm couplings. For small
interparticle separations, the strong GNS–GNS coupling leads to
the screening of particle–lm plasmon couplings, in particular
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Fig. 3 FDTD simulations of E-ﬁelds on GNS assemblies on Ag and glass
substrates. E-ﬁeld distribution of GNSs on (a) Ag and (b) glass substrates with an
interparticle tip-to-tip distance of 10 nm. (c) Local E-ﬁelds at the GNS–Ag ﬁlm gap
and the GNS–GNS gap for a GNS assembly on a Ag ﬁlm. (d) Local E-ﬁelds at the
GNS–glass surface gap and the GNS–GNS gap for a GNS assembly on a glass
substrate. Local E-ﬁeld enhancement from particle–ﬁlm and interparticle plasmon
couplings as a function of interparticle separation for (e) GNS assemblies on Ag
ﬁlms and (f) GNS assemblies on glass substrates. The solid curves represent data
ﬁtting of the exponential decay function y ¼ y0 + aex/l.

the hybridization between the LSP and SPP modes. The opposite behavior happens for the large interparticle separations. In
contrast, the eld enhancements from the GNS–Ag lm
couplings were signicantly larger (16–42 larger) than those
from GNS–GNS couplings, indicating the signicance of GNS–
Ag lm couplings in the overall E-eld enhancements for
systems with GNS assemblies on Ag lms. For GNS assemblies
on glass substrates, the eld enhancements from both GNS–
GNS and GNS–glass couplings exhibited exponential decay with
interparticle separation (Fig. 3(f)). The dependence of the eld
enhancement on the interparticle separation was stronger for
GNS–GNS coupling, which was indicated by the larger amplitude (a ¼ 18.7) for GNS–GNS coupling compared with that for
GNS–glass coupling (a ¼ 2.0). It is also worth noting that the
eld enhancement from interparticle couplings on the Ag lm
showed 30–60% larger values than those on a glass substrate;
this was attributed to the enhanced interparticle plasmon
couplings on the Ag lm compared with those on the glass
substrate due to the propagating SPP modes in the Ag lm.47
The above FDTD simulations of eld enhancements for GNS
assemblies on Ag and glass substrates indicated that the E-eld
enhancement was predominantly from particle–lm couplings
for GNS assemblies on Ag lms, whereas the system of GNS
assemblies on glass substrates had E-eld contributions from
both weak particle–lm and interparticle plasmon couplings.
As reported previously, both the resonant wavelength shi and
the eld enhancement exhibit a universal exponential or power
law dependence on the interparticle separation for metal
nanoparticle dimers on dielectric substrates.60,61 For metal
nanoparticles on metal substrates, previous research has shown
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that the power law function of both the resonant wavelength
shi and eld enhancement is dependent on the particle–lm
separation.43 However, it is still unclear whether there is a
general law governing the relationship between the overall SERS
enhancements and the interparticle separations for GNS
assemblies on metal substrates.
To investigate this relationship further, we compared FDTD
simulation results with the experimental results of the SERS
intensity as a function of interparticle separation. For this
purpose, we prepared diﬀerent surface densities of GNSs on Ag
and glass substrates (Fig. S5†) and measured the SERS intensities of benzenethiol molecules (Fig. S6†). For the analysis of
SERS intensity as a function of interparticle separation, we
converted the experimental GNS surface density into interparticle separation by approximating the randomly distributed GNS
assemblies as hexagonal packed GNS assemblies. Additionally,
to compare the experimental SERS intensity with the simulated
EF, we used a GNS density-normalized EF (EFN), which can be
approximated as EFN ¼ (4|E/E0|GNS–lm4 + (|E/E0|GNS–GNS4)) 
(GNS surface density), where E and E0 are the local and incident
electric elds, respectively.62 A detailed description of EFN is
given in the ESI.† Fig. 4 shows the simulated EFN and the
experimental SERS intensity as a function of the interparticle
separation on Ag and glass substrates.
Fig. 4(a) and (b) show that the normalized EF as a function of
interparticle separation was well t by the power law ( y ¼ axb),
where a and b are tting parameters. We also determined that
the normalized EF of the GNS assemblies on Ag lms, as a
function of interparticle separation, followed a broken power
law function or a combined power law distribution (Fig. 4(a)). At
rst, the normalized EF increased as the interparticle separation increased, following a power law function with an index (b)
of 0.31  0.05 for interparticle separation below 60 nm;
however, the normalized EF decreased with b ¼ 0.68  0.05 for
interparticle separation over 60 nm. This behavior can be
explained by the interplay between interparticle and

Fig. 4 Normalized enhancement factor (EF) for the GNS assemblies on the (a) Ag
ﬁlms and (b) glass substrates as a function of the interparticle separation.
Measured SERS intensity as a function of interparticle separation for GNS
assemblies on the (c) Ag ﬁlms and (d) glass substrates. The solid curves represent
data ﬁtting using the power law function y ¼ axb.

This journal is ª The Royal Society of Chemistry 2013

View Article Online

Published on 28 October 2013. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 20/11/2013 05:53:20.

Paper
particle–lm plasmon couplings, where the particle–lm plasmon couplings become weak when there is strong interference
from interparticle couplings. Therefore, when the interparticle
separation was below 60 nm, i.e., below 0.8 times the GNS
size (80 nm) (i.e., the strong interparticle coupling range), the
E-eld from particle–lm couplings increased exponentially as
the interparticle separation increased or as the interparticle
coupling decreased exponentially (Fig. 3(e)). When the interparticle separation was over 60 nm (i.e., the weak interparticle
coupling range), the increase in the E-eld from particle–lm
couplings began to saturate as the interparticle separation
increased. Because the particle–lm couplings dominate in the
weak interparticle coupling range, the normalized EF strongly
depended on the number of hot spots from particle–lm
couplings, which in turn depended on the GNS assembly
surface density. Therefore, the normalized EF decreased with an
increase in the interparticle separation or decrease in the GNS
surface density for an interparticle separation over 60 nm.
For GNS assemblies on glass substrates, the EF decreased as the
interparticle separation increased, as described by the single power
law index of b ¼ 0.90  0.02, in agreement with previous reports
(Fig. 4(b)).61 The smaller value of the power law index (b ¼ 0.68)
for the GNS assemblies on Ag lms, as compared to that on glass
substrates (b ¼ 0.90), indicated that the SERS enhancement was
less sensitive to interparticle separation. To compare the simulation results with the experimental results, Fig. 4(c) and (d) show the
measured SERS intensity as a function of interparticle separation.
The experimental SERS intensity for GNSs on Ag lms exhibited a
value of b ¼ 1.71 for interparticle separation over 80 nm and
b ¼ 1.70 for GNSs on glass substrates. The diﬀerence in the
power law exponents for the simulated EF and experimental SERS
intensity is attributed to the regular GNS assemblies used in the
simulated EF as opposed to the random distribution of GNSs in
the experimental SERS results, which resulted in the dispersion of
interparticle separations and occasional nanostar aggregations. It
is worth noting that the trends in simulation results match quite
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well with the experimental results although the simulation work is
based on regular GNS assemblies, where the long-range eﬀects
could aﬀect the trends. However, in our study, the long-range
eﬀects from the regular GNS assembly in the simulation results
can be considered to be minimal since the periodicity is far below
the excitation wavelength.
Because the GNS surface density can aﬀect the interplay
between the interparticle and particle–lm plasmon couplings,
the density-controlled, optimally designed SERS substrates could
be advantageous for trace-level detection of analytes. Fig. 5(a)
shows the Raman spectra of benzenethiol (concentrations
varying from 10 nM to 1 aM) adsorbed on optimized SERS
substrates (GNS assemblies on Ag lms with a GNS surface
density of 43 GNSs per mm2). Optimization of the SERS
substrates with maximum SERS eﬀects was enabled by controlling the GNS surface density. The Raman spectra of benzenethiol
with C–H out-of-plane bending (998 cm1) and C–C symmetric
stretching (1021, 1071 cm1) were observed. Compared with the
Ag/PDDA/GNS substrates without benzenethiol molecules, the
Raman peak at 998 cm1 was clearly visible down to 1 attomole
(aM) with the signal-to-noise ratio over 6 (Fig. S7†), demonstrating the ultrasensitive detection capability of the SERS
substrates based on GNS assemblies on metal lms. This detection capability is not achievable with typical gold nanosphere
assemblies on Ag lms (Fig. S8†). The ultrasensitive detection
capability of our SERS substrates is attractive for the trace level
detection of explosives. Since the 2,4-dinitrotoluene (2,4-DNT) is
a residue of TNT-based explosives, the detection of trace amounts
of 2,4-DNT is an important requirement for the landmine
detection and security checkpoints in the airport. As shown in
Fig. 5(b), our SERS substrates allow the detection of 10 aM of 2,4DNT with characteristic vibration modes of NO2 out-of-plane
bending modes at 834 cm1 and NO2 symmetric stretching
modes at 1355 cm1. The detection of DNT down to 10 aM is well
below the best known detection limit of DNT (4 fM) based on
3D SERS substrates.63

Fig. 5 Raman measurements of trace level molecules on optimized SERS substrates (GNS assemblies on a Ag ﬁlm with a GNS surface density of 43 GNSs per mm2) (a)
Raman spectra of benzenethiol (BT, concentrations varying from 10 nM to 1 aM) showing the C–H out-of-plane bending (998 cm1) and C–C symmetric stretching
(1021, 1071 cm1) modes of adsorbed benzenethiol molecules. (b) Raman spectra of 2,4-dinitrotoluene (DNT, concentration varying from 100 mM to 10 aM) showing
NO2 out-of-plane bending at 834 cm1 and NO2 symmetric stretching at 1355 cm1. The DNT crystal shows a normal Raman spectrum of thick DNT solids formed on Si
substrates.
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Conclusions
In summary, we demonstrated the fabrication of ultrasensitive
SERS substrates based on high-density gold nanostar assemblies
on silver lms, where multiple eld enhancements from particle–
lm and interparticle plasmon couplings and lightening rod
eﬀects of sharp tips of nanostars contribute to the enormous
Raman enhancements. We also demonstrated that the interplay
between interparticle and particle–lm plasmon couplings of
GNS assemblies on metal and dielectric lms signicantly
aﬀected the overall eld enhancements, resulting in diﬀerent
power law functions of the SERS EF as a function of interparticle
separation. GNS assemblies on the metal lm were described by a
broken power law function, where the SERS EF increased with
interparticle separation for the strong interparticle coupling
range. However, the SERS EF decreased as the interparticle
separation increased for the weak interparticle coupling range.
This study provides a platform to fabricate ultrasensitive SERS
substrates via precise control of the nanoparticle surface density
on metal lms for maximum eld enhancements, leading to the
attomole detection of explosives. This approach shows great
potential for a wide range of applications such as in ultrasensitive
detection of target molecules in surface-enhanced spectroscopies
and imaging, and in enhanced light absorption and detection
using optoelectronic devices.

Experimental
Synthesis of gold nanostars
Gold nanostars (GNSs) were synthesized using a seed-mediated
approach, where spherical gold nanoparticles (18 nm in
diameter) were used as seeds. Chloroauric acid was reduced on
the surface of the GNSs with hydroxylamine sulfate (NH2OH,
Sigma-Aldrich). The gold nanoparticle seeds were prepared by the
Turkevich–Frens method,64,65 using sodium citrate as a reducing
agent in an aqueous solution. Briey, 150 mL of 0.25 mM
aqueous solution of HAuCl4 was heated to the boiling point
under stirring, and then 1.15 mL of 0.1 M aqueous solution of
sodium citrate was added. The solution was kept under boiling
conditions until a red-wine color appeared. The solution was
then cooled to room temperature. The synthesis of GNSs based
on Au nanoparticle seeds was carried out in a 75 mL aqueous
solution with 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethane-sulfonic
acid (HEPES, 25 mM, pH 7.0, Sigma-Aldrich). Then, 1.6 mL of 18
nm Au seeds and 0.12 mL of NH2OH (100 mM) were added to the
HEPES solution; in this case, NH2OH was used as a precision
shape-directing agent.66,67 The enlargement of the Au nanoparticle seeds was achieved by rst adding 5 mL of an aqueous
solution of HAuCl4 (0.8 mM) dropwise; the reaction mixture was
then stirred for over 5 h at 4  C, and then the solution was stored
in a refrigerator until use.
Assembly of gold nanostar assemblies
For the assembly of GNS assemblies on the substrates, we used
the electrostatic interaction between the negatively charged
sodium citrate added into the GNS solution and the positively
charged poly(diallyldimethylammonium chloride) (PDDA,
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100 000 MW, Sigma-Aldrich) layer on the substrates.32,41,53,63,68
The PDDA layer was prepared by spin-coating of a 0.2% PDDA
solution, followed by rinsing with deionized (DI) water, resulting in a 1 nm thick layer on the substrates. To fabricate metal
lm-coated substrates, the gold and silver lms (200 nm in
thickness) were deposited onto Si substrates using the thermal
evaporation method. The roughness values were 3.26 nm for
gold and 3.74 nm for silver lms (Fig. S9†). A cover slip glass
(thickness: 1 mm) was used as the glass substrate. For the
high-density assembly of GNS assemblies, the as-synthesized
GNS solution was concentrated (15) by centrifugation, and
38.8 mM sodium citrate solution was added to the mixture.
High-density GNS assemblies could be achieved by controlling
the amount of sodium citrate, where the increase in the sodium
citrate concentration resulted in an increase in the GNS surface
density (Fig. S10†). To vary the surface densities of GNS
assemblies from low to high densities, the substrates were
dipped into the GNS solution and kept there for a certain period
of time until the desired surface density was achieved (Fig. S5†).
Characterization
The synthesized Au nanospheres were characterized using
UV-vis spectrophotometry (V-670, JASCO), eld-emission scanning electron microscopy (FE-SEM, Nano 230, FEI), and transmission electron microscopy (TEM, JEOL). The roughness of Ag
and Au lms was measured by atomic force microscopy (AFM,
Veeco). The thickness of PDDA was measured by AFM and
spectroscopic ellipsometry (M-2000, J. A. Woollam).
For the SERS measurement of analytes, SERS substrates were
prepared by varying the concentration of benzenethiol (SigmaAldrich) solution from 100 mM to 1 aM in ethanol. The SERS
substrates were immersed in the benzenethiol solution for 15
min, rinsed with ethanol, and then blown dry with nitrogen gas.
For the SERS measurement of 2,4-DNT, the SERS substrates are
immersed in the DNT solution in methanol with the concentration from 100 mM to 10 aM for 2 hours, rinsed in methanol,
and blown dry. The Raman spectra of the analytes were
collected with 785 nm laser excitation using a confocal Raman
microscope (Alpha 300, WITec) and an objective lens (20,
numerical aperture ¼ 0.4). The integration time was 0.5 s; the
laser power was 15 mW.
Finite diﬀerence time domain method (FDTD) simulation
The E-eld intensity distribution is calculated by the nite
diﬀerence time domain method (Lumerical FDTD Solutions,
version 8.5). The shape of nanostars built in the simulation is
based on TEM pictures. A nanostar consists of a spherical core
and 12 conical branches with round tips. The diameter of the
spherical core is 57 nm. For conical branches, their length is
about 11 nm, and the root diameter and tip diameters are 18 nm
and 9 nm, respectively. The light source is a linearly polarized
plane wave of 785 nm wavelength, with an incident electric eld
intensity of 1 V m1. In order to make the simulation result as
accurate as possible, a mesh size of 0.5 nm was used around and
inside the Au nanostars. Symmetric and anti-symmetric
boundaries were used in y and x directions to reduce the
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simulation time, considering that Au nanostars are symmetrically designed. While for the z direction, a perfectly matched
layer (PML) boundary condition was used. In the FDTD simulation of the regular GNS assemblies, the GNS assemblies were
arranged in the 2D hexagonal assemblies.
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