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ABSTRACT

One-dimensional plasmonic nanoparticle arrays have intriguing optical properties that can be utilized
in a number of applications, including molecular sensing. In this paper, firstly, we studied the plasmonic
coupling behavior in chains of gold and silver plasmonic nanocubes of 21 nm edge length arranged in both
face-to-face and edge-to-edge configurations at large separation distance (8.5 nm), where the classical
electromagnetic coupling is dominant. Interestingly, an increase in the sensitivity factor was observed
when increasing the number of nanocubes in the chain and by orienting them in edge-to-edge configura-
tion, with a few exceptions. Additionally, linear chains of edge-to-edge and face-to-face assembled gold
nanocube with sub-nanometer interparticle distances (0.2 nm), where the effect of tunneling-induced
charge transfer plasmons (tCTPs) becomes significant, was studied using a quantum-corrected model.
In comparison to the face-to-face orientation, the changes in optical properties were more prominent
in the edge-to-edge configuration. Our results suggest that plasmonic coupling in linearly assembled
nanoparticles becomes extremely important at sub-nanometer interparticle distances. It can significantly
modify the optical properties of the nanocubes chains, especially spectral line shape and electric-field
distribution, which might help designing more advanced sensing devices for chemical and bio-sensing
applications.
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Introduction

Gold and silver plasmonic nanoparticles possess unique optical
properties due to their localized surface plasmon resonance (LSPR)
and have promising applications in bio-imaging, labeling, optical
energy transport, and chemical and biological sensing [1-13]. These
resonant modes arise from the confinement of surface plasmons,
which are the collective oscillation of the free electrons in the
conduction band of metals [3,14-17] The LSPR wavelength (Ares)
can be tuned by changing the morphology (size and shape) of the
nanoparticle or by changing the refractive index of the surround-
ing medium [4,18-26].Itis also known that when the nanoparticles
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are located in close proximity to one another, the coupling between
these optical nanorasonators results in the hybridization of individ-
ual LSPR bands [27-29]. In our pervious works [30-34], we have
shown that the near-field interaction between closely placed cubic
Ag nanoparticles, as well as the far-field interaction in plasmonic
lattices [35,36] is distance and orientation dependent.

In the present work, Ag and Au nanocubes (AgNCs and AuNCs)
chains at classical coupling regime were first studied using discrete
dipole approximation (DDA) method. Next, this classical study was
complemented by analyzing AuNCs in quantum-coupling regime
using a quantum-corrected finite-difference time-domain (FDTD)
model, carried out in order to understand the role of plasmon
tunneling as a new contribution component across nanoscale inter-
faces.

Using the DDA method, the intensity and spectral position of
the plasmon bands and the corresponding field distribution around
AgNCs and AuNCs chains in the edge-to-edge (EE) and face-to-face
(FF) configurations were calculated in classical coupling regime.
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Previously, the coupled LSPR modes of chains of noble metal
nanoparticles, fabricated lithographically on a substrate, have been
studied for low-loss energy transfer and low-loss sub-wavelength
interconnection [37-39]. The potential of the closely-spaced plas-
monic nanoparticle chains in molecular sensing based on the
detection of the LSPR wavelength shift and surface enhanced
Raman spectroscopy (SERS) has also been explored by several
groups. It has been shown that well-engineered chains of plas-
monic nanoparticles can provide a significant increase in sensitivity
relative to conventional plasmonic sensors consisting of isolated
or randomly placed nanoparticles [40-42]. Plasmonic nanoparti-
cles exhibit high refractive index sensitivities, which is critical for
developing powerful sensing devices [43-46]. The aptness of linear
assemblies of plasmonic nanoparticles in sensing applications was
further studied by calculating the sensitivity factor for the chains
of Au and Ag NCs. Furthermore, we have investigated the optical
properties of chains of Au and Ag NCs in EE and FF configurations
and discussed its potential for sensing applications based on both
LSPR resonance wavelength shift and SERS.
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DDA is one of the most powerful theoretical techniques[47]
for modeling the optical properties of plasmonic nanoparticles of
arbitrary geometry. This method is used to calculate near field inter-
action between closely spaced Ag and Au nanocubes (edge length
of 21 nm) assembled in EE and FF orientations on a glass substrate.
The refractive index of surrounding medium (cap layer) is varied
from 1.33 to 1.63 and the refractive index of AgNCs and AuNCs are
assumed to be the same as that of the bulk metal [48]. In DDA,
the target (here AgNCs or AuNCs on a substrate) is represented as
cubic chains of several thousand points of acquired dipole moment
in response to the local electric field located on a cubic lattice (with
volume d3). The response of each dipole to both the external field
and neighboring dipoles are solved using Maxwell’s equations. We
have calculated the extinction spectra and field distribution around
the surface of the AgNC and AuNC chains in both orientations (FF
and EE), where the plasmonic field enhancement factor (in log scale
of |[E|2/|Eg|?) is located on the surface of a pair of cubes and calcu-
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Fig. 1. DDA calculated extinction spectra and field distribution for EE oriented Ag and Au NC dimer, trimer, and tetramer with a separation distance of 8.5 nm in a surrounding
medium of water on a glass substrate. As the number of cubes increases, a significant red shift in the extinction spectra of the both AuNCs and AgNCs was observed. In Au
chains, the extinction cross-section of the chain is continuously increased as the number of cubes is increased (A, B). Whereas, in AgNCs we observe a decrease in extinction
cross-section, when going from trimer to tetramer. Theoretical calculations of electromagnetic field distribution show that the maximum field enhancement around the Ag

NCs is much higher than that of the Au NCs under similar conditions (C-H).
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Fig. 2. DDA calculated extinction spectra and field distribution for the FF oriented Au and Ag NCs dimer, trimer, and tetramer with a separation distance of 8.5nm in a
surrounding medium of water on a glass substrate (A and B). As the number of cubes increases, a significant red shift in the extinction spectra of AgNCs is observed. Whereas,
for the AuNCs, the intensity is continuously increased as the number of cubes increased. The maximum field enhancement around the, Ag nanocubes was more than ten

times greater than that of the AuNCs under similar conditions (C-H).

lated with the DDA technique at different excitation wavelengths.
We have included data for the FF oriented nanocubes along the
dimer axis and for the EE oriented dimer along the diagonal of two
cubes. Details of the DDA method have been described elsewhere
[47,49,50].

Finite-difference time-domain (FDTD) [35] is another powerful
analytical technique, widely used in plasmonics, which is particu-
larly useful for modeling more complex geometries. Here, the FDTD
method is used to study the effect tCTPs using a quantum-corrected
model, in which a virtual conductive medium (Au Jellium) is con-
sidered in the sub-nanometer gaps of EE and FF Au NC chains. In our
FDTD calculations the thickness of the substrate is infinite, while in
DDA calculations, due to the constraints in the number of dipoles,
a substrate of 10 nm thickness is assumed. On the other hand, in
FDTD simulations, we have finite constraint on the width of the
simulation region, which is set to be 1 wm in our simulations, and
a perfectly matched layers (PML) region is used to approximate an

Table 1

infinite simulation region, but in DDA, we do not have this con-
straint.

Plasmonic coupling between dimers, trimers and tetramers of Au
or Ag nanocubes

Using the DDA method, we have compared the near-field plas-
monic coupling behavior of 21 nm Ag and AuNC dimers, trimers and
tetramers with gap size of 8.5 nm in EE and FF configurations on a
glass substrate (n=1.45). Our DDA studies show that the material
composition, orientation, refractive index of the cap layer, and the
number of nanocubes affect the near field plasmonic coupling. As
shown in Fig. 1A and B, a red shift in the extinction spectra was
observed for both EE oriented Ag and Au nanocubes as the number
of cubes increases.

It is found that the extent of the red shift in the plasmonic bands
within the extinction spectra from dimer to tetramer in the AgNCs
is comparable with the AuNCs (11.58 nm for the AgNCs and 10.38

The intensity at maximum wavelength calculated for the extinction, absorption and scattering for Au and AgNCs in FF and EE orientations.

FF oriented AgNCs EE oriented AgNCs FF oriented AuNCs EE oriented AuNCs

Ext(a.u.) Abs(a.u.) Scat(a.u.) Ext(a.u.) Abs(a.u.) Scat(a.u.) Ext(a.u.) Abs(a.u) Scat(a.u.) Ext(a.u.) Abs(a.u.) Scat(a.u.)
Dimer 10.63 7.67 2.96 9.62 7.18 2.4 3.35 3.15 0.21 2.54 2.4 0.14
Trimer 15.02 8.41 6.79 103 6.34 3.8 5.15 4.60 0.56 3.04 2.76 0.29
Tetramer  16.51 7.89 8.58 9.15 5.18 4.01 6.51 5.57 1.00 3.14 2.87 0.38
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Fig. 3. The absorption and scattering cross-sections plotted as a function of the number of Ag and AuNCs in FF and EE arrangements (A-D). For the AuNCs, in both EE and FF
orientations, the intensity of absorption and scattering increase as the number of cubes increases, which was absent in the FF and EE oriented AgNCs.

for the AuNCs). Interestingly, the intensity of the main LSPR band
is increased as the number of the cubes is increased in AuNC chain.
This monotonic increase in the extinction cross-section was not
observed in the AgNC chains (Fig. 1A). Furthermore, Fig. 1B shows
that the intensity of the LSPR band corresponding to quadrapole
modes decreases as the number of the nanocubes increases in the
Ag chains. The calculated field distribution for AgNCs shows an
enhanced electromagnetic field around the adjacent edges (hot
spots) and very low-intensity field region that is confined away
from the adjacent edges in AgNCs. The field localization of the oscil-
lating dipole in the region of adjacent edges of the AuNCs is weaker
and more spread out around the cubes in comparison with that in
the AgNCs.

The extinction spectra and the field distributions around FF-
oriented Ag and AuNC chains are shown in Fig. 2. In contrast to
the EE orientation of the AgNCs and AuNCs, the extinction inten-
sity and the extent of red shift of the main LSPR band from dimer
to tetramer is significantly different in AgNCs and AuNCs (~24 nm
for the AgNCs and ~17 nm for the AuNCs). This could be due to
the fact that the stability of the system is strongly affected due
to the orientation of the cubic nanoparticles in the EE configura-
tion [51]. One possible reason is that the repulsion between the
dipoles in the FF orientation could be less than that of the EE ori-
entation. As the dipoles spread around the large area, the main
band corresponding to the dipolar modes significantly red-shifted

to longer wavelengths (lower energy) in comparison with the EE
arrangement.

It is found that the plasmon band corresponding to the
quadrupole modes in the FF oriented AgNCs becomes nearly
unchanged when the number of the cubes increases, whereas the
dipolar mode is continuously red-shifted (Fig. 2B). Furthermore, the
maximum field enhancement factor around the AgNCs was nearly
ten times greater than that of the AuNCs under similar conditions. A
typical TEM image of AuNCs[51 | shows the distinct FF arrangement
of the nanocubes, which further validates that the FF orientation is
energetically more favorable than the EE configuration.

Table 1 shows the intensities of the extinction, absorption and
scattering in two different orientations for the dimer, trimer and
tetramer of the Au and the AgNCs. For the FF and EE oriented AuNCs,
the extent of the absorption in comparison to scattering increases
as the number of cubes increases and the extent of the absorption
is much higher than the scattering in both FF and EE orientations
(see Supporting Information, Figs. S1 and S2). However, AgNCs
show different behavior as the orientation and the number of cubes
changes. As it is shown in Fig. 3, for the EE oriented AgNCs, from
dimer to tetramer, the amount of the scattering slightly changes
whereas the amount of the absorption continuously decreases (see
Supporting Information, Figs. S3 and S4). In contrast to the EE
AgNCs, the extent of absorption for the FF AgNCs becomes nearly
unchanged and the intensity of the scattering increases as the num-
ber of cubes increases (Fig. 3A and Supporting Information, Fig. S4).
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Fig. 4. Calculated SF for the FF and EE oriented Au and AgNCs (A-D). The SF was determined by liner regression of the LSPR maximum against of refractive index of medium.
It shows that the SF increases as a function of the number of nanocubes.

These results imply that any variation in the metal type and mode The magnitude of the observed shift of the main plasmonic band
of arrangement can result in significant variation in sensing behav- per unit change of the refractive index of the surrounding medium
ior of nanoparticle-based optical sensors in imaging and sensing or sensitivity factor (SF) was calculated for the chains of the Au and
applications. AgNCs.
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N. Hooshmand et al. / Nano Today 17 (2017) 14-22 19

0915 A
® 0.914
w: 0.913
0.912

200 400 600 800 1000

wavelength, A (nm)

2t B

1.5

€ Au-Jell

0.5

200 400 600 800 1000
wavelength, 2 (nm)
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We noticed that the SF for the chains of the Au and AgNCs is
highly dependent on the number of adjacent cubes. Furthermore,
in comparison to FF orientation, increasing the refractive index
of surrounding medium with a 0.1 increment (from 1.33 to 1.63)
resulted in a noticeable increase in the average value of the SF in
EE orientation in both AuNCs and AgNCs from dimer to tetramer.
Interestingly, for the FF oriented Ag chains, going from the dimer
to the tetramer, small changes in the SF were observed (13 nm/RIU
from the dimer to the trimer and 6.4 nm/RIU from the trimer to
the tetramer). However, for the EE AgNCs, we noticed a signifi-
cant change in the SF, going from dimer to tetramer (36.5 nm/RIU
from dimer to trimer and 24.1 nm/RIU from trimer to tetramer).
Compared to the AgNCs, for the AuNCs, the magnitude of the SF
was lower than AgNCs under similar conditions. We found that the
SF variation from dimer to trimer is more prominent in FF AuNCs
(57 nm/RIU). This shows that the sensitivity factor is dependent
on the linear assembly of the plasmonic nanoparticles in terms
of length and orientation, which is attributed to the reduction in
the repulsion between the in-phase oscillating dipoles of a given
plasmonic band, thus resulting in a red shift of its plasmonic band
(Fig. 4).

Fig. 5 shows the dependence of the SF on the orientation of the
Au and Ag NCs as well as the number of cubes. It is clear from
both EE AuNCs and EE AgNCs that the sensitivity factor increases
gradually as the number of the cubes increases. However for the FF
orientation, the extent of changes in the SF is much larger than for
the EE orientation under similar conditions.

Here, every individual nanocube in the nanocubes chain can
be considered as an independent nanoresonator, which is strongly
coupled to the adjacent resonators. The optical coupling between
the plasmonic nanocubes in their resonance wavelength results in
ared-shiftin LSPR resonance. Furthermore, it pulls the electromag-
netic field out of the metal inside the sensing region, which results
in a higher electromagnetic field in the hotspots region and thus
higher SF. The relative configuration of the nanocubes (FF or EE) and
the separation distance determine the plasmonic coupling between
the resonators and the confinement of energy in the hot spots. In
addition, increasing the number of the nanocubes in a chain also
increases the overall scattering and scattering cross-sections of the
chain. This means that the more of the excitation beam intensity
is coupled to the chain, leading to higher energy density in the
hotspots and these lead to an increase in the sensitivity.

Quantum tunneling limit

So far, we have studied the response of nanocube chain at
separation distances above 1 nm. In sub-nanometer separation dis-
tances, however, the electrons and thus the plasmon can tunnel
through the dielectric gap and significantly alter the response of the
plasmonic system [50-52]. Here, we discuss the effect of tunneling-

induced charge transfer plasmons (tCTPs) on the spectral response
and the electromagnetic field distribution of the nanocube chains
at very short separation gaps, where the effect of quantum tun-
neling becomes prominent particularly in smaller nanoparticles.
Since the DDA used so far in the manuscript is a purely classical
method, it is beyond its capacity to describe any effect arising from
the quantized nature of the plasmons or the photons, such as plas-
mon tunneling at sub-nanometer distances. Hence, we employed a
quantum corrected model, which we chose to implement within
the FDTD framework. This is a very important consideration in
practical nanocube sensors as the common method of dispersing
chemically synthesized nanoparticles on substrates naturally cre-
ates chains with very small gaps. Experimentally, it is also possible
to control the gap between nanoparticles by coating them with
chemical ligands of various lengths.

In order to study the effect of quantum tunneling on the LSPR
resonance, we performed a set of simulations for a pair of small
nanocubes with the edge length of 21 nm at 0.2 nm separation
distance. The first simulation is a pure electromagnetic simula-
tion using FDTD method, which does not account for the effect of
plasmon tunneling. Secondly, the quantum-corrected model (QCM)
was used to approximate the effect of tunneling on LSPR resonance
by assuming a virtual conducting medium (Au Jellium) of 0.2 nm
width between the two nanocubes. The permittivity of the tunnel-
ing channel has been calculated using the Drude model (Eq.(1)),and
the tunneling damping parameters yg, g and &, were extracted
from [52].

2
Wg

l =fpp— —————
sho)=¢ w (a)+iyg(l))

(1)

The real and imaginary part of this complex permittivity is plot-
ted in Fig. 6. This approximation is only true if the radii of the
curvature are large compared to the separation distance between
the two nanocubes as well as the Fermi electron wavelength. In the
case of nanocubes with sharper edges, this model can potentially
break down. Previously, quantum tunneling between two relatively
large nanocubes has been observed in the FF configuration [52]. As
we shall see in the EE configuration, this effect is even stronger,
which can be due to the higher localization of the plasmons in the
sharp corners,

Fig. 7A-F shows the transmission spectra of dimer, trimer and
tetramers of AuNCs in EE and FF orientation with 21 nm and edge
length, 0.2 nm air gap and 5 nm radius of curvature at the corners
with and without considering the effect of plasmon tunneling. As
it can be inferred from these figures, the effect of tCTPs becomes
significant particularly for long wavelengths, where a considerable
damping of LSPR resonance peaks can be observed as a result of
tunneling. The damping is also much stronger in nanocube chains
with EE configuration.
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Fig. 8. Electromagnetic field distribution calculated for the EE-oriented AuNC dimer at 0.2 nm separation distance. The wavelengths of excitation were chosen based on the
peak maximum for both pure electromagnetic (A-D) and quantum-corrected models (E-H).

The tunneling of charge plasmons through the metal dielectric
junction at the sharp EE oriented NC chain also alters the electric
field distribution profile at LSPR resonance wavelengths. Figs. 8, S5
and S6 show the electric field mode profiles of the four LSPR bands
for EE AuNC dimer, trimer and tetramer at their respective Aes for
both pure EM and QCM models, respectively.

In general, tCTPs slightly shift the resonance wavelength and
reduce the overall absorption cross-section of the plasmonic chain
atresonance wavelengths asit can be seenin Fig. 6A-C for EE config-
uration and Fig. 6D-F for the FF configuration. In terms of the E-field
distribution, as it shown in Fig. 7, the tCTPs reduce the electric-field
confinement at hot-spots.

One final comment about the effect of plasmon tunneling is
that even though tCTPs generally reduce the absorption (or scat-
tering) cross-section and the intensity of electric field at the LSPR
resonance wavelengths, they do not necessarily result in less sensi-
tive sensors. The introduction of a biomolecule in the small air gap
between the nanocube can change the height of the energy barrier
between the two EE metal junctions and may even potentially lead
to an increase in the sensitivity in the quantum-tunneling based
biosensor compared to the classical sensors.
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Conclusion

In conclusion, we have studied the optical properties of AUNC
and AgNC chains of different lengths in FF and EE configurations
using classical electromagnetic methods, at large separation gaps.
Our calculations on the electric field intensity show that the EE ori-
entation can result in greater sensitivity in LSPR-based sensing and
larger enhancement factor in SERS. Secondly, the effect of tCTPs at
the sharp edges of EE and FF oriented AuNC chains were studied
at very small separation gaps using a quantum-corrected classi-
cal model implemented in FDTD. Our results show that the effect
of plasmon tunneling in the EE-oriented NCs is even more pro-
nounced than that of the FF-oriented NCs, due to the effect of the
local topology (sharpness of the edges). Our results suggest that the
EE nanocube chains can be more appealing in developing efficient
sensing platforms via SERS or LSPR-based sensing in comparison
with the FF chains.
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