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Abstract—In this contribution, a numerical study of the optical
properties of closely-packed gold nanorods was performed. The studied
nano-objects are experimentally grown on a tilted polydimethylsiloxane
(PDMS) substrate by using physical vapor deposition (PVD). This
method creates nanorods tilted to a certain angle with respect to the
substrate normal. This geometry allows exciting both transverse and
longitudinal modes of the rods. As demonstrated in a previous
experimental work, such PVD-grown nano-objects show promising
possibilities both as strain gauges or strain-tunable metamaterials if
fabricated on a stretchable dielectric substrate. This numerical study is
based on experimental data from previous work and pushes further the
subject by approaching an optimized nano-structure allowing better
strain-sensitivity (particularly by changing the auto-organization of the
said nanorods).

Gold nanorods, because of their chemical stability and
great anisotropic optical properties in the visible range,
have been extensively studied over the past few decades.
Their application covers topics ranging from optical data
storage [1] to controlled gene delivery [2], biological and
chemical sensing [3-8] and active plasmonics [9]. In this
letter, the optimization of the nanorod characteristics for
plasmonic applications is studied through numerical
simulations [10]. The following data take advantage of
those outstanding properties to design a highly strain-
sensitive plasmonic system.

PDMS is an ideal substrate for such plasmonic strain
sensors because of its stable mechanical and optical
behavior during stretching. Besides, it is perfectly
transparent to visible light and has an elasticity range
allowing wide deformations without plasticity. Figure 1
shows an idealized sketch of the nanorods brush which
can be fabricated by using a physical vapor deposition
(PVD) technique on a tilted substrate [11]. After
deposition, the rods are 100nm long and exhibit diameters
of 20nm which could be easily simulated.
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In this study, a commercial-grade simulator based on
the finite-difference time-domain (FDTD) method was
used to perform the calculations [12] and obtain an optical
response of the rods to plane wave excitation.

Fig. 1. A) Scheme of the nanorods brush based on SEM images of PVD-
grown nanorods onto PDMS [11], B) hexagonal and C) Square array.

To understand the behavior of gold nanorods in an
array, the properties of an isolated nanorod on the
substrate are firstly analyzed. These calculations allow
clarifying the influence of excitation polarization on the
response of the system. Thanks to the nanorod tilt, the
optical response of a single rod is highly sensitive to the
polarization of the incident light. Indeed, if the nanorod
was perfectly vertical, only transverse modes could be
excited by the incident plane wave. However, a tilted
nanorod allows selective excitation of both transverse and
longitudinal modes provided that the incident light
polarization is along the nanorod long axis (see Fig. 1A
and Fig. 2). This is a crucial feature to optimize the
sensitivity of the designed plasmonic strain sensors as
recently demonstrated in our experimental study on such
systems. Figure 2 demonstrates precisely how overriding
the longitudinal mode is amplitude-wise, making the
570nm transverse mode negligible. The 770nm
longitudinal mode is thus more adapted to strain
monitoring thanks to its great amplitude and narrowness.
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Fig. 2. Transmission spectra of a gold nanorod, tilted by 30° with
respect to the substrate normal, depending on the angle between the
incident polarization light and the nanorod long axis. When the light
polarization is transverse to the nanorod long axis, the longitudinal

mode cannot be excited.

As evidenced in Fig. 1, the system which is here studied
consists in an assembly of nanorods which are side-to-
side. The goal is to understand the variation of the
coupling between their plasmon longitudinal modes
depending on the distance between them. The initial
center-to-center distances are 30nm so that the plasmon
modes can be considered as initially weakly coupled,
referring to the plasmon ruler equation [13]. The incident
light and the stretching directions are parallel as shown in
Fig. 1A.
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Fig. 3. Transmission spectra calculated for a triangular lattice of Au
nanorods. No visible effect may be observed because during the
stretching along the incident light polarization direction, the
displacements of the rods make some of them couple while others
decouple. The two inserts (1 at rest and 2 under strain) provide
schematics illustrating a coupling increase between the crossed
nanorods.

The first major result concerns the role of the nanorods
packing. Indeed, Fig. 3 presents the transmission spectra
for triangular lattices of nanorods (see Fig. 1B) when the
incident polarization is set along the stretching direction.
No visible effect may be seen, due to a phenomenon
which could be designed as “cross coupling”. For
triangular lattices of nanorods stretching the substrate
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leads to coupling and decoupling of nanorods along the
polarization direction at the same time, which tends to
hide any effects. Indeed, during the stretching, a
compression occurs on the axis transverse to the
stretching direction. Therefore, the displacements of the
nanorods tend to align the closest neighbors along the
stretching direction. This phenomenon induces coupling
between the crossed nanorods — as shown in the insert of
Fig. 3. This cross coupling compensates for the
decoupling of the first neighbors along the polarization
axis.
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Fig. 4. Transmission spectra of a square lattice of Au nanorods with a
45° tilt to the substrate normal. a) 50nm long nanorods; b) 100nm long
nanorod; ¢) 150nm long nanorods. The initial center-to-center is 25nm.

The substrate is stretched so that the center-to-center distance for
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nanorods aligned along the stretching direction increases up to 50nm
(100% of deformation) and 75nm (200% of deformation).

Therefore, it appears that square lattices of Au
nanorods are more adapted for strain monitoring.
However, a key parameter is the length of nanorods and
Fig. 4 illustrates its drastic impact on the sensitivity of
such systems for strain monitoring. As the length of the
nanorods increases, the surface exposed to coupling with
neighboring nanorods also increases. This relation is a
major indication for upcoming optimizations toward a
better strain sensor or a strain-tunable metamaterial. With
rods whose length increases from 50nm to 150nm, the
spectral shift, in addition to its great increase, even
changes the direction from a blueshift to a redshift. Such
a drastic change has not been reported in the literature so
far. To illustrate this switching behavior, we refer, by
electromagnetic analogy, to molecular orbital theory as
depicted by Prashant K. Jain et al. [14] and adapt it to our
system (see Fig. 5). This analogy is based on similar
energetic behavior of plasmon coupling and formation of
bonding and anti-bonding modes.
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Fig. 5. Energy diagram of the nanorod coupling modes explaining the
optical behavior of resonance positions during stretching with a) long
nanorods and b) small nanorods

When the nanorods are long enough regarding the
considered tilt angle (see Fig. 5A), the high-energy level
(mode =*) is bright- exhibiting a non-zero dipolar
momentum configuration- and thus is characterized by a
red-shift when the nanorods are getting further from each
other (see Figs. 4B and C). On the other hand, when the
nanorods exhibit a lower aspect ratio, the bright coupling
mode corresponds to the lower energy level and in that
case, a blueshift will characterize the decoupling. This
phenomenon is caused by the predominant transverse
mode with respect to longitudinal. These results tend to
indicate that for every tilt angle considered, there is a
critical nanorod length at which the strain sensitivity will
be close to zero.
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In conclusion, through numerical simulations on a system
of Au nanorods supported by a stretchable substrate,
different configurations were studied to determine the
proper characteristics of these nanorod ‘brushes’ to be
used as strain sensitive devices. The first observation is
that the PVD nanorods growth in a triangular lattice
causes cross coupling which inhibits resonance shifts by
the compensation mechanism of transverse compression.
Then, depending on the rods aspect ratio, there is a
tendency of low aspect ratio nanorods to switch dark and
bright modes when passing from low aspect ratios to
higher ones. This indication can represent a reliable
suggestion to focus on in peculiar fabrication designs.
Further studies dedicated to the dark-bright mode
switching could bring light on the matter and suggest what
is the critical length causing the nullification of strain
sensitivity.
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