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ABSTRACT Metal nanoclusters, sometimes called metamole-

cules or plasmonic oligomers, exhibit interesting optical properties £ SAM remove
such as Fano resonances and optical chirality. These properties
promise a variety of practical applications, particularly in ultra-

sensitive biochemical sensing. Here we investigate experimentally
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adsorption of self-assembled nanometer-thick alkanethiol mono-
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layers. The monolayer sensitivity of such oligomers is found to be
significantly higher than that of single plasmonic nanoparticles and
depends on the nanocluster arrangement, constituent nanoparticle shape, and the plasmon resonance wavelength. Together with full-wave numerical
simulation results and the electromagnetic perturbation theory, we unveil a direct correlation between the sensitivity and the near-field intensity
enhancement and spatial localization in the plasmonic “hot” spots generated in each nanocluster. Our observation is beyond conventional considerations
(such as optimizing nanoparticle geometry or narrowing resonance line width) for improving the sensing performance of metal nanoclusters-based

biosensors and opens the possibilities of using plasmonic nanoclusters for single-molecule detection and identification.
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ubwavelength nanostructures made

of noble metals can sustain localized

surface plasmons (LSPs) - the collective
oscillations of conduction electrons at the
interface between metal and dielectric ma-
terials. Upon resonant excitation of LSPs,
light can be concentrated into nanoscale
spatial regions around metal nanostruc-
tures, thereby largely enhancing the light-
matter interaction and creating electric
near-field “hot” spots. The enhanced light-
matter interaction makes LSPs-based nano-
sensors ideal tools for spatially sensing
nanoscale environment changes such as
molecular-binding events,' ™ catalytic
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reactions,” local electrochemical current,’
phase-changing processes,®” and hydrogen
adsorption dynamics.2® Though this is one of
the unique advantages associated with LSPs
in sensing applications, the sensitivity of LSPs
to the refractive index of the surrounding
environment is not comparable to that of
commercially available sensors based on pro-
pagating surface plasmons (PSPs).'®~ " To in-
crease the sensitivity of LSPs, great efforts have
been made to optimize the size and/or shape
of the metal nanoparticles.'>'*
Electromagnetic coupling between LSPs
in metal nanoparticle clusters or oligomers
allows for flexible engineering of their
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plasmonic spectral profiles, such as resonance line
width and spectral contrast, and the generation of
spatially controllable plasmonic “hot” spots.'>'® In-
spired by the vivid optical properties of coupled plas-
monic nanoclusters, several new physical concepts
and approaches, including plasmon hybridization,”
transformation optics,'® and subgroup decomposi-
tion,' have been proposed and derived to explain
the optical response of such systems and to devise new
nanocluster systems utilizing these coupling effects.
This advancement has also significantly facilitated
the design of metal nanoclusters-based sensors with
sensing performance superior to individual nano-
particles.'®'> Over the past few years, a great deal of
attention has been placed in this area of spectral
engineering, mainly focusing on the creation of novel
plasmon resonances with much narrower spectral
line widths than conventional LSPs, utilizing features
and effects such as subradiant modes and Fano
resonances.’° 3¢ Indeed, extensive theoretical and
experimental investigations have collectively demon-
strated that the total sensing figure of merit (FoOM) of
metal nanoclusters-based sensors can be mainly en-
hanced due to the reduced resonance line width
resulting from decreased radiation damping.?>25~%°
In addition to the advantages offered by spectral
engineering, the sensitivities of nanoclusters-based
sensors are also found to be much larger than those
of single nanoparticles. For example, plasmonic quad-
rumers or pentamers, consisting of four or five identical
Au nanodisks, respectively, exhibit refractive index sen-
sitivities of up to 500—700 nm/RIU.25%"2%3% |n compar-
ison, the sensitivities of single Au nanoparticles, such
as nanospheres, nanorods, and nanobipyramids, are
generally on the order of 200—300 nm/RIU.3>”~*° This
sensitivity enhancement is usually believed to have
resulted from the creation of multiple plasmonic “hot”
spots inside the nanoclusters and the increased near-
field strength. However, this explanation lacks a com-
prehensive understanding of how the plasmonic near-
field affects the sensitivity and, more importantly,
direct evidence that the near-field strength and loca-
lization determine the sensitivity. Complicating mat-
ters, bulk sensing experiments carried out in previous
studies were typically performed with the nanoclusters
fully immersed in liquids of different refractive
indices.”~%° The near field is highly localized around
the nanocluster, and its spatial extent is in general on
the order of only 10—20 nm, which indicates an
interaction volume strongly limited by the field decay
length. In particular, many guided self-assembly meth-
ods, such as the layer-by-layer method*' and DNA-
directed self-assembly,*? can allow for fabrication of
nanoparticle dimers and clusters with nanometer-scale
interparticle distance and thus generation of stronger
near-field confinement and enhancement. Thus, con-
ventional bulk sensing approaches may not be ideally
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suited for studying the relationship between plasmonic
near-field strength and the sensitivity due to high back-
ground relative to the enhanced signal, and hence more
sophisticated methods such as monolayer sensing and
molecular adsorption have to be employed for a
more comprehensive understanding.*>**

In this work, we take a new route to study the
relationship between plasmonic near-field enhance-
ment and the refractive index sensitivity of metal
nanoclusters. Self-assembled nanometer-thick alkan-
ethiol monolayers of different carbon chain lengths
were adsorbed on Au pentamers and quadrumers, and
their extinction spectra were measured to extract the
monolayer detection sensitivities. The sensitivity was
found to depend on the nanocluster arrangement,
constituent nanoparticle shape, and the plasmon re-
sonance wavelength. Full-wave numerical simulations
were performed to calculate the near-field distribution
and strength in the nanoclusters at their respective
resonant wavelengths, and the electromagnetic per-
turbation theory was used to predict the plasmon
resonance shift due to the molecular monolayer ad-
sorption. Direct comparison between the experimental
and theoretical results reveals that the monolayer
sensitivity for each Au nanocluster at a particular
resonance wavelength is directly correlated with the
spatially averaged plasmonic near-field intensity en-
hancement and the degree of field localization. Our
observation illustrates that the overall sensing perfor-
mance of metal nanoclusters-based sensors could be
further boosted up by rationally engineering the plas-
monic near-field confinement and amplifying the field
strength, which is beyond the conventional considera-
tions, such as changing nanoparticle geometry or
reducing resonance line width for improving the sens-
ing performance.

RESULTS AND DISCUSSION

Au nanoparticle quadrumers and pentamers were
fabricated on a quartz substrate using standard elec-
tron beam lithography (EBL) process. Full experimental
details are described in the Methods section. Since the
plasmonic near-field distribution and enhancement in
metal nanoclusters depend strongly on the size and
shape of the constituent nanoparticles, four types of Au
pentamers and three types of quadrumers were pre-
pared, all comprised of a central nanodisk or square
nanoparticle and outside particles of different shapes.
This allows for flexible control over the near-field
localization sites and the field intensity enhancement
factor (EF) and hence a systematic study of the relation-
ship between the near-field properties and the mono-
layer sensitivity. Figure 1 shows electron micrographs
of the arrays of pentamers (a—c) and quadrumers (d—f)
consisting of differently shaped nanoparticles and
exhibiting repeatability and high quality of the struc-
tures over a large area. In addition, the AFM images
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Figure 1. SEM and AFM (insets) images of gold nanoclusters under study. Three types of pentamers consist, respectively, of
five identical nanodisks (a), of four inward-triangular particles and a central nanodisk (b), and of four outward-triangular
particles and a central nanodisk (c). Note that the fourth type pentamer studied in the experiment is not shown here. The three
types of quadrumers are comprised, respectively, of three outward-triangular particles and a central nanodisk (d), of three
square particles and a central nanodisk (e), and of three nanodisks and one square particle at the center (f). The scale bars in

the SEM images are 500 nm.

shown in the insets of Figure 1 reveal a good preserva-
tion of the particle shape from the top to bottom
surface, enabling strong coupling between constituent
nanoparticles.

To study the monolayer sensing response of the
fabricated oligomers, the extinction spectra for each
array of nanoclusters were collected before and after
the alkanethiol monolayer adsorption by using a Four-
ier transform infrared (FTIR) spectroscopy system. The
detailed procedures for alkanethiol monolayer adsorp-
tion and removal are described in the Methods section.
Since in our experiment the same sample was used
repeatedly for sensing the alkanethiol monolayers of
different carbon chain lengths, it was critical to ensure
that the optical response of the sample was recovered
to the original after removing the adsorbed mono-
layer. Thus, a precalibration experiment was carried out
to test the reproducibility of the sample peak position
after monolayer removal, the results of which are
shown in Figure 2. We can see from Figure 2a that
both extinction peaks of the Au pentamer show a
perceivable red-shift upon the adsorption of an alkan-
ethiol monolayer, with the shift amount being larger
for the extinction peak in the long-wavelength re-
gion than that in the short-wavelength region. After
removing the self-assembled monolayer, the extinc-
tion spectrum of the Au pentamer fully overlaps
with the original spectrum captured before monolayer
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adsorption. Figure 2b shows similar measurements
conducted for the Au quadrumer sample, which shows
the same behavior as that in Figure 2a. Figure 2c shows
the schematics of alkanethiol molecules adsorbed on
an Au quadrumer.

We then examine the monolayer sensing sensitivity
for each pentamer or quadrumer nanocluster by re-
cording their extinction spectra as a function of the
carbon chain length of the adsorbed alkanethiol
monolayer - varying from hexanethiol to octadeca-
nethiol. Previous reports have pointed out that the
bulk refractive index sensing sensitivity is not only
dependent on the nanoparticle size and shape but
also on the plasmon wavelength used in the sensing
measurements, with a common feature being that a
longer plasmon wavelength usually gives rise to a
larger sensitivity>”#>~® (this also holds true for propa-
gating surface plasmon resonances*®*). To minimize
this unwanted effect of wavelength-dependent sensi-
tivity, we have deliberately designed the Au pentamers
and quadrumers with their plasmon resonance posi-
tions varying in a very small wavelength range
(between 700 and 750 nm for the long-wavelength
peak of the Au pentamers, for example). Figure 3
presents the extinction spectra for the four types of
Au pentamers coated with alkanethiol monolayers,
each set of which shows a gradual red-shift in the
two extinction peaks with increasing the carbon chain
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Figure 2. Precalibration of the monolayer sensing experiments using Au nanoclusters. Extinction spectra of the gold
pentamer (a) and quadrumer (b) with their electron micrographs shown in the insets: black curves, as-grown nanoclusters; red
curves, nanoclusters with self-assembled monolayer (SAM) adsorbed; blue curves, nanoclusters after removing SAM by the
technique described in the Methods section. The dashed green lines indicate the extinction peak positions which are picked
up manually at the maximum extinction intensity. The scale bar in each image is 100 nm. (c) Schematic representation of a

gold quadrumer adsorbed with an alkanethiol monolayer.
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Figure 3. Plasmon resonance shift sensing the carbon chain length of different alkanethiols. Extinction spectra of the Au
pentamers consisting of differently shaped nanoparticles with adsorbed SAMs of different carbon chain lengths (a—d). In
each figure, from bottom to top, the adsorbed monolayers are 1-hexanethiol (C6), 1-octanethiol (C8), 1-decanethiol (C10),
1-dodecanethiol (C12), 1-tetradecanethiol (C14), 1-hexadecanethiol (C16), and 1-octadecanethiol (C18) molecules. The insets
show SEM images of the Au pentamers used in each case. The scale bar in each image is 100 nm. The black arrows are guide-

to-the-eyes, indicating the total resonance shift between the top and bottom spectra.

length. Previous ellipsometry studies have shown that
the thickness of alkanethiol SAMs formed on polycrys-
talline gold changes linearly from 0.8 to 2.0 nm when
increasing the number of carbons from 6 to 18.44°°
Thus, one expects that the whole monolayer is im-
mersed inside the plasmonic near-field region and
contributes to the observed red-shift in the extinction
spectra due to the change of the local environment.
To determine the monolayer sensitivity of the Au
pentamers quantitatively, we plot the extinction peak
shift as a function of the carbon chain length in Figure 4
and extract the sensitivity by calculating the slope of a
linear fit to the measured data points. The results
shown in Figure 4 illustrate that the long-wavelength
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extinction peak shift for each nanocluster is signifi-
cantly greater than that of the short-wavelength peak,
which is consistent with previous observations 37404548
This effect can be attributed to the fact that the longer
penetration of the electromagnetic field inside the
dielectric at longer resonant wavelengths provides a
larger interrogation volume that is sensitive to the
refractive index changes.*® It is worthwhile to note
that this observation has not been fully addressed in
many previous studies in which the sensitivities were
compared at much different plasmon wavelengths,
and the enhanced sensitivities were consequently
attributed to optimization of the nanoparticle shape
and size.3”*%*7 Thus, it is critical to tune the plasmon
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Figure 4. Monolayer sensing sensitivity of Au pentamers. (a)—(d) Extinction peak shift as a function of the carbon chain length
extracted from Figure 3 for the four types of Au pentamers consisting of peripheral and central nanoparticles of different
shapes as shown in the respective insets. All the symbols represent the measured points and solid lines are linear fits to the
data, with red symbols/lines extracted from long-wavelength peaks and blue symbols/lines from the short-wavelength peaks.
The monolayer sensitivity (S) for each nanocluster is calculated as the slope of each solid line.

resonances of different metal nanostructures at the same
wavelength range in order to have a fair comparison
between their refractive index sensing performance.

From Figure 4 one can also see that the monolayer
sensitivity for both the long-wavelength and short-
wavelength peaks is strongly affected by the constitu-
ent nanoparticle shape and arrangement in the
nanoclusters. For instance, the sensing slope for the long-
wavelength peak significantly decreases from 2.26 +
0.01 nm/C-chain for the Au pentamer comprised of five
identical nanodisks to 1.91 + 0.01 nm/C-chain for a
similar pentamer but with the central particle replaced
by a square shape one (see Figures 4a and 4d) - even
though the plasmon resonance wavelength of the former
nanocluster is slightly smaller than that of the latter (see
Figures 3a and 3d). In contrast, the short-wavelength
peak shows a reverse behavior, with the sensing slope of
the former Au pentamer being smaller than that of the
latter although their peak positions are very close to each
other. Such complicated behavior is clearly unexpected
and beyond the previous observations that the bulk
refractive index sensitivity for isolated, or more specifi-
cally, uncoupled nanoparticles increases with the plas-
mon wavelength.3”#**” This also implies that there must
be other uncovered factors determining the monolayer
sensing response of metal nanoclusters with strong
coupling effects as we will discuss later.

KONIG ET AL.

Similar sensing measurements were carried out for
the Au quadrumers, with results shown in Figure 5. One
can see from Figures 5a—5c that the two extinction
peaks of the three types of Au quadrumers comprised
of different constituent nanoparticles exhibit continu-
ous red-shifting with increasing chain length of the
alkanethoil molecules. The monolayer sensitivities for
the Au quadrumers were extracted following the
method described above. Similar trends in the sensi-
tivities can be clearly observed in Figures 5d—5f. For
example, the long-wavelength extinction peak in the
first type quadrumer (Figures 5a and 5d) exhibits the
largest sensitivity although its plasmon wavelength is
even smaller than that of the other two quadrumers. This
further reveals that the plasmon wavelength in coupled
nanoclusters is not the detrimental factor affecting the
monolayer sensing sensitivity if the resonance wave-
length varies in a small range. In addition, one can also
see from Figures 5d—5f that spatial arrangement of
individual nanoparticles in a nanocluster plays a critical
role in determining the sensitivity. For example, the
sensing slope for the long-wavelength peak significantly
increases from 1.39 & 0.01 nm/C-chain for the Au quad-
rumer comprised of three square particles and a central
nanodisk to 1.93 & 0.02 nm/C-chain for a similar quad-
rumer with exchanged shapes of the outside and central
particles (see Figures 5e and 5f).
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Figure 5. Plasmon resonance sensing properties of gold quadrumers. (a—c) Extinction spectra of Au pentamers adsorbed
with self-assembled alkanethoils layers of different carbon chain lengths and (d—f) their corresponding sensing sensitivities.
The insets show SEM images of the Au pentamers. The scale bar in each image is 100 nm. The black arrows in (a—c) are guide-
to-the-eyes, indicating the total resonance shift between the top and bottom spectra.

Considering the maximum amount of plasmon re-
sonance shift (14—42 nm) and the largest alkanethiol SAM
thickness (2.0 nm) observed for plasmonic pentamers and
quadrumers, we calculate the surface sensitivity of these
coupled nanostructures to be 7—21 nm per monolayer
of 1 nm thickness. Compared to the surface sensitivity
recently predicted for single Au nanorods,*® which is on
the order of 7 nm per monolayer of 1 nm thickness at
wavelength 700 nm, the coupled plasmonic oligomers
demonstrate substantial sensitivity improvement, fur-
ther corroborating the benefit of plasmonic coupling
effects in metal nanoclusters.

Note that based on extended Mie theory and
the discrete dipole approximation, Jain and El-Sayed
have derived two analytical solutions to describe,
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respectively, the bulk refractive index sensitivities of
an isolated dielectric core-metal nanoshell and an
interacting nanoparticle pair. They found a universal
scaling behavior for the bulk refractive index sensitivity
that increases near-exponentially with a decreasing
ratio of the shell thickness-to-core radius in the core—
shell nanoparticle or the interparticle gap distance in
the nanoparticle pair.***® Unfortunately, the analytical
solutions developed by Jain and El-Sayed cannot be
applied to complex metal nanoclusters, simply be-
cause there are no analytical approaches to calculate
the polarizabilities of such complex nanostructures. On
the one hand, previous theoretical and experimental
studies have also demonstrated that the bulk refractive
index sensitivities for Au nanostructures of various
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Figure 6. Incident polarization-dependent electric near-field profiles. (a) Extinction cross-section spectra of the Au quad-
rumer consisting of four identical circular nanodisks excited under the three indicated representative polarizations. (b—d)
Normalized electric near-field intensity distribution profiles at the short-wavelength extinction peak. (e—g) The same plots for
the long-wavelength extinction peak. The numbers of EF are calculated as the 3D spatially averaged intensity.

shapes have no direct correlation with their polariz-
abilities if the plasmon sensing wavelength is tuned to
the same position by changing the nanoparticle size
and shape.®® This observation points out a potential
pitfall, not addressed in the analytical solutions derived
by Jain and El-Sayed, that in addition to the increase of
the bulk refractive index, decreasing the nanoshell
thickness or the interparticle distance also results in a
large red-shift in the plasmon resonance wavelength
and hence a larger sensitivity as discussed above.
On the other hand, the dipole—dipole approximation
used by Jain and El-Sayed are based on simple con-
sideration of dipolar moments of a couple of small sub-
100 nm nanoparticles, which cannot be applied for
relatively larger metal nanostructures of wavelength-
comparable dimensions due to strong retardation
effect. Moreover, existence of more than two nanopar-
ticles makes the situation more complex than nano-
particle dimers as the plasmonic interference effect
becomes pronounced in determining the absorption
and scattering response.>®

In general, it has been postulated that the refractive
index sensitivity of a localized surface plasmon reso-
nance is closely related to the near-field EF and the
degree of field localization in the metal nanoparticle,
which is supported by many experimental results.
Metal nanostructures with sharp geometric features
such as nanoprisms, nanobranches, and nanobipyr-
amids usually exhibit higher sensitivities than more
conventional nanoparticles including nanospheres,
nanocubes, and nanorods.3”2844

In light of this complex behavior and in order to
adequately understand the observed monolayer sens-
ing response, we have performed full-wave electro-
magnetic simulations to study the near-field properties
of the Au nanoclusters using the finite-difference-
time-domain method (FDTD), aiming at providing an
intuitive physical scenario for understanding these
oligomer clusters. Since the sensing experiments were
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carried out with unpolarized light at normal incidence,
we have calculated the electric near-field distribution
profiles at three representative incident polariza-
tions by considering the symmetries in the Au penta-
mers and quadrumers. Figure 6 renders the two-
dimensional contour plots of the field distribution for
the Au quadrumer consisting of four identical nano-
disks at its two extinction peaks. Interestingly, each
near-field profile at the three incident polarizations for
the short-wavelength peak (see Figures 6b—6d) actu-
ally exhibits more “hot” spots (around each nanodisk)
but with lower intensity than the long-wavelength
peak, where the enhanced field concentrates at gaps
between nanodisks (see Figures 6e—6g). The same
behavior was observed for the other Au quadrumers
and pentamers though their constituent nanoparticle
shape and the nanocluster symmetry are different
from the example nanocluster.

To further unveil the actual factors affecting the
monolayer sensitivity, we have integrated the elec-
tric-field intensity over the whole nanocluster surface
and interparticle gaps (where the alkanethoil mol-
ecules adsorbed) to obtain a spatially averaged EF
(integrated over the lateral adsorption region of alkan-
ethiol molecules) for each nanocluster at the two
extinction peaks. Such treatment should be more
reliable than calculating the maximum field EF,*® be-
cause the analytes are adsorbed over the whole nano-
cluster rather than simply at the specific sites where
there is maximum enhancement. The results demon-
strate that the averaged EF has little dependence on
the incident polarization for the Au quadrumer (see the
numbers for EF in Figure 6), and this observation also
holds true for the other quadrumers and pentamers.

Figure 7 plots the measured sensitivities and the
calculated averaged EFs at both extinction peaks for
each nanocluster. In order to disclose the influence of
shape change on EF, isolated nanoclusters were simu-
lated, where separation between adjacent nanoparticles
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Figure 7. Comparison between spatially averaged electric-field intensity enhancement and the measured monolayer sensing
slope for the Au pentamers and quadrumers. The black squares are the calculated sensing slopes extracted from Figure 5, and
the red triangles are the calculated average field EFs. The solid lines are guides to the eye and aid in showing a correlative
trend between the sensing slope and the averaged field EF.

is slightly altered by +2 nm by taking into account
plasma etching-induced shape change. A direct com-
parison between them clearly shows a correlation
between the measured sensing slope and the calcu-
lated EF for all the pentamers (Figures 7a and 7b) and
quadrumers (Figures 7c and 7d) though some slight
discrepancies can still be seen in a few cases. This
correlation provides direct evidence that the mono-
layer sensing response of coupled plasmonic nano-
clusters is closely related to the spatially averaged
near-field enhancement. Note that the discrepancy
between the sensing slope and the averaged EF oc-
curring for the pentamer consisting of a square particle
surrounded by four nanodisks (see Figure 7a) and for
the pentamer consisting of five identic nanodisks (see
Figure 7b) might be due to the use of the same
rounding radius for all nanoparticle systems. For a fair
comparison of the averaged EF among all the systems,
in our simulations the corners in square and triangular
particles are blunted with a rounding radius of 10 nm,
which may deviate from realistic situations. In particu-
lar, the near field associated with the short-wavelength
peak is mainly concentrated at the corners of the square
particle, resulting in a strong dependence of the aver-
aged EF on the rounding radius (results not shown).

We also note that, in Figures 4 and 5, the plasmon
resonance shift shows a linear dependence on carbon
chain length for both plasmonic pentamers and quad-
rumers. This dependence is counterintuitive as the
plasmonic near-field decays very rapidly from the sur-
face of the particles, generally following an exponential
decaying function. Here we apply the electromagnetic
perturbation theory to explain this behavior. The

application of the perturbation theory to our case is
valid as the effect refractive index change An (on the
order of 0.02 to 0.05, roughly estimated from the bulk
refractive index sensitivity of plasmonic oligomers
S and our experimentally observed plasmon resonance
shift AA using the equation An = A1/S) induced by the
adsorption of molecular monolayers is significantly
smaller than that of the surrounding environment n.
The theory predicts that the original resonant wave-
length A of an optical resonator shifts by an amount of
AAgiven by AL=A/n-An- Vg, where V¢ is the fraction of
electric-field energy inside the perturbation region,***’
i.e. a nanoshell of various thickness concentric with the
nanoparticles. In ref 51, Joannopoulos et al. pointed out
that the electric field tends to concentrate in high-index
medium to minimize the Rayleigh quotient of an optical
system. This leads to tighter field localization in the
molecular monolayer region and produces a larger
value for Vg, which gives rise to the red-shift in the
extinction peaks of the plasmonic nanoclusters.
Following the equation described above, on the one
hand, we calculated V¢ as a function of the dimension
of the perturbation region at the two extinction peaks
for the plasmonic pentamer consisting of five identical
nanodisks. Figure 8 shows that Vg follows a linear
relationship with the perturbation dimension, i.e. the
thickness of the nanoshell used. Calculations per-
formed for other plasmonic nanoclusters also exhibit
a linear dependence. On the other hand, previous
ellipsometric measurements demonstrated that the
thickness of a molecular monolayer self-assembled on
polycrystalline gold film linearly increases with carbon
chain length when a constant effective refractive index
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Figure 8. Fraction of electric-field energy inside the pertur-
bation region as a function of the perturbation length
for the Au pentamer consisting of five identical nanodisks.
The symbols are from calculations and the solid lines are
linear fits to the calculation results, with the fitting equa-
tions shown as insets.

was used in ellipsometric modeling.***° This points out
that the refractive index change An should also be
linearly dependent on the length of the molecular
monolayer. As a result, we can conclude from the
equation described above that the plasmon resonance
shift also shows a linear dependence on the carbon

METHODS

Fabrication and Characterization of Au Quadrumers and Pentamers.
Arrays of Au quadrumers and pentamers consisting of differ-
ently shaped components were fabricated on the same quartz
substrate by EBL (Elonix 100 kV EBL system). Each array has a
dimension of 50 x 50 um? and consists of 60 nm thick Au
nanoparticles of different shapes, all with 140 nm nominal
lateral dimension. A three nanometer thick Ti film was depos-
ited on the substrate by e-beam evaporation (EB03 BOC
Edwards) to increase the adhesion between Au and quartz,
followed by the evaporation of a 60 nm Au film and spin-coating
of 50 nm of hydrogen silsesquioxane (HSQ) as a negative
electroresist. After baking the sample at 200 °C for 2 min, a
combined process of e-beam exposure, chemical development,
and ion-milling was performed to create well-defined Au
oligomers on the substrate. The surface morphology of fabri-
cated structures was characterized by high-resolution scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
Fourier transform infrared spectroscopy (FTIR, Bruker Hyperion
2000 with a Vertex 70) was used to measure the extinction,
defined as (1 - Transmission), through each array at normal
incidence with an unpolarized white light, before and after
adsorption of each self-assembled alkanethiol monolayer.

Preparation, Adsorption, and Removal of Alkanethiol Monolayers.
Before adsorption of the self-assembled monolayer (SAM), the
nanocluster sample was rinsed with 2-propanol and etched
with an oxygen plasma at 60 W for 3 min in order to remove any
contaminants. Linear alkanethiols with different chain lengths
were used, including 1-hexanethiol, 1-octanethiol, 1-decanethiol,
1-dodecanethiol, 1-tetradecanethiol, 1-hexadecanethiolm and
1-octadecanethiol. All alkanethiols were purchased from Sigma-
Aldrich. The nanocluster sample was incubated in a 5 mM
solution of each alkanethiol in ethanol for 24 h. The sample
was then rinsed with ethanol, and its extinction response was
characterized by FTIR. To remove the SAM, the sample was
etched twice with oxygen plasma at 60 W for 5 min and rinsed
with ethanol after each etching.

Full-Wave Numerical Calculations of the near-Field Intensity Enhance-
ment. Three-dimensional (3D) full-wave electromagnetic

KONIG ET AL.

chain length instead of exponential or other complex
dependences. Note that the perturbation lengths used
in our calculations are much larger the thicknesses of
the alkanethiol monolayers, because the computation
power cannot afford to mesh the three-dimensional
nanoparticles with mesh size down to less than 0.1 nm
if the actual monolayer thicknesses were considered as
the perturbation lengths.

CONCLUSIONS

In conclusion, we have experimentally studied the
monolayer sensing response of plasmonic Au nano-
clusters and found that the sensitivity of each nano-
cluster has a strong dependence on the constituting
nanoparticle shape and spatial arrangement. Direct
comparison between the measured monolayer detec-
tion sensitivity and the calculated near-field profile at
respective plasmon resonance wavelengths reveals that
the sensitivity is largely related to the spatially averaged
near-field EF. Our results offer many implications for
optimizing the monolayer sensing performance of plas-
monic nanoclusters-based biosensors and may also
open up the possibilities for using plasmonic nanoclus-
ters for single-molecule detection and identification.

simulations were performed to calculate the electric near-field
distribution and field intensity enhancement of each nanoclus-
ter using a commercially available finite-difference-time do-
main code (Lumerical FDTD). The dielectric constants of Au used
in the simulations were extracted from Johnson and Christy
data.>? The EFs were calculated for isolated nanoclusters en-
compassed by perfected matched layer (PML) boundaries in all
directions. Different from some previous studies, a full consid-
eration of the substrate effect was made in our simulations. To
account for the blunting effect of particles caused by imperfect
fabrication as well as plasma etching, all the corners in triangular
and rectangle particles were rounded with a radius of 10 nm.
The diameter of circular disk and the lateral length of other
shapes of nanoparticles were set to be 130 & 2 nm and 120 +
4 nm, respectively, which results in a gap separation between
adjacent particles in each nanocluster to be 30 & 2 nm in order
to have the best match between experimental and simulation
results. The height of all particles was set to be 60 nm. In the
calculations, the incident electric field is polarized along
the horizontal axis, and the mesh size used around the edges
of the nanoparticles is as small as 0.5 nm. The spatially averaged
electric field intensity enhancement factor (EF) was calculated
as [1Y/]Eo|?, where I is the local field intensity and |Eq|? is the
incident field intensity. A frequency-domain 3D monitor for
recording the near-field profiles of 11 XY planes was defined
from the substrate surface to the top surface of the clusters,
generating a total number of 10° data points for precisely
calculating the averaged near-field intensity. Since the wave-
length shift is caused by the coverage of molecular monolayers,
the total field within the adsorption region is summed up for
SAM:s of different carbon chain lengths.
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