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Abstract: Plasmonic nanorod metamaterials are often used as a high-performance optical
sensing platform for the detection of biochemical and gas species. Here, we investigate the effect
of environmental humidity on their optical response. Due to the high refractive index sensitivity,
a significant change in the transmission is observed with AT/T reaching values of more than 5%
when the relative humidity is changed from 11% to 75%. This is the result of the condensation
of water molecules on a rough surface of the gold nanorods. This finding reveals the importance
of protecting plasmonic nanostructures from relative humidity variations in many practical
applications. By coating the nanorods with a monolayer of poly-L-histidine, the fractional change
of transmission is doubled due to the hydrophilic property of the monolayer, which can be used
for the development of high-sensitivity relative humidity and dew condensation sensors.
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1. Introduction

In the past decades, plasmonic metamaterials, artificial optical materials consisting of periodically
or randomly arranged plasmonic nanostructures, have been widely investigated since they offer
a unique means to engineer optical properties beyond those occurring in nature to achieve
exotic optical phenomena, such as magnetism at high frequencies [1] and negative refraction
[2,3]. They have opened up opportunities for numerous applications in nanophotonics, e.g.
superlensing [4,5], optical cloaking [6,7], and nonlinear optics [8,9]. Among them, plasmonic
nanorod metamaterials consisting of arrays of strongly interacting, aligned plasmonic nanorods
are particularly interesting. They have been successfully employed for a variety of applications,
ranging from imaging beyond the diffraction limit [10], enhancement of optical nonlinearities
[11], spontaneous emission control and lasing [12—-14] to biochemical sensing [15], nanoscale
optomechanics [16] and tunneling-based plasmon excitation [17-19]. Particularly, because the
optical properties (e.g., extinction, transmission, and reflection spectra) of a plasmonic nanorod
metamaterial are determined not only by the plasmonic response of the individual nanorods in
the metamaterial, but also by the electromagnetic coupling between them, they are extremely
sensitive to the refractive index changes in the surrounding dielectric environment. A record-high
refractive index sensitivity of ~4 x 10* nm/RIU [15,20] reveals the nanorod metamaterials as an
attractive platform for the development of high-sensitivity optical sensors.

In many applications (e.g., gas sensing, linear and nonlinear photonics), nanorods of the
metamaterials (bare or functionalized) are directly exposed to an ambient environment, which
a priori has certain relative humidity (RH). Due to the extremely high sensitivity of nanorod
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metamaterials to the refractive index of their surroundings, a change in the RH of the environment
may cause a direct change in the optical response of the metamaterials and subsequently affect
their application performance. Therefore, it is important to reveal the effect of RH of the
environment on the optical properties of the nanorod metamaterials, which we demonstrate in
this work. We show that a fractional change of up to 5.3% in transmission occurs for a bare gold
nanorod metamaterial when it is exposed to an environment with the RH changing from 11%
to 75%, which is attributed to the condensation of water molecules on a rough surface of the
nanorods (Fig. 1(a)). This change can get almost doubled if a monolayer of hydrophilic polymer,
such as poly-L-histidine (PLH), is coated onto the nanorods, providing an opportunity to develop
metamaterial-based humidity sensors.
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Fig. 1. (a) Schematic diagram showing condensation of water molecules onto the surface
of freestanding gold nanorods in the metamaterial. (b) SEM image of the bare gold nanorod
metamaterial. (c) Experimental apparatus used for studying the effect of environmental
humidity on the optical response of the gold nanorod metamaterials.

2. Methods

2.1. Fabrication of gold nanorod metamaterials

Gold nanorod metamaterial was fabricated by direct electrodeposition of gold into a substrate-
supported porous anodized aluminum oxide (AAO) template [21]. The substrate is a multilayered
structure comprised of a glass slide, a tantalum oxide adhesive layer (~10 nm in thickness) and
a gold film (~7 nm in thickness). An aluminum film is then deposited on the substrate, and
subsequently anodized (in 0.3 M oxalic acid at 40 V) to produce the AAO template with naturally
produced nanoscale pores. The length of the rods can be, therefore, controlled by changing the
thickness of the initial aluminum film. The spacing and diameter of the pores are defined by the
anodization conditions. Finally, gold nanorod metamaterial embedded in the alumina matrix was
obtained by electrodeposition of gold into the AAO pores, the thin gold film works in this case as
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an electrode. Gold nanorods were first overgrown to fully fill the AAO pores, and then the sample
was ion-milled to remove the overgrown gold layer on the surface and annealed at 200 °C for 2 h.
To expose the nanorods for sensing applications, the alumina matrix was chemically etched by
putting the as-fabricated nanorod metamaterial into an aqueous solution of 3.5% H3PO, at 35
°C, resulting in a freestanding gold nanorod array (in the following addressed as a bare nanorod
array). Figure 1(b) shows a typical scanning electron microscopy (SEM) image of the bare gold
nanorod metamaterial, in which high-density freestanding gold nanorods on a substrate can
be observed. The average diameter, length and separation of the nanorods in the assembly we
measured to be approximately 50, 230 and 100 nm, respectively.

A PLH-coated gold nanorod array was further obtained via a molecular self-assembly approach
[19]. In brief, a PLH solution was first prepared by dissolving ~5 mg of a PLH powder into
5 mL of deionized water with its pH adjusted to 5—6 using 0.1 M HCI. A bare gold nanorod
array was then immersed into the PLH solution for ~30 min. Due to the high affinity of the
functional groups of PLH to gold, a monolayer of PLH layer was self-assembled on the gold
nanorod surface. After rinsing with deionized water and dried under a N, flow, the PLH-coated
nanorod array was obtained.

2.2. Experimental apparatus

In order to study the effect of environmental humidity on the optical response of gold nanorod
metamaterials, the metamaterials (bare and PLH-functionalized nanorod arrays) were placed
in a custom-designed airtight chamber with transparent windows (Fig. 1(c)). A nitrogen gas of
different humidity (controlled by varying the amount of humid and dry nitrogen in their mixture,
monitored by a commercial hygrometer) was introduced into the chamber at a flow rate of about
1 L/min. Collimated transverse magnetic (TM) polarized white light from a tungsten-halogen
lamp illuminated the metamaterial at an angle of incidence of 30°, and the transmission was
monitored with a spectrometer (QE Pro, Ocean Optics). All measurements were conducted at
room temperature and atmospheric pressure.

2.3. Numerical simulations

Numerical simulations were performed using the finite element method (COMSOL Multiphysics
software). A hexagonal array of gold nanorods was simulated. Using the symmetry of the system,
a unit cell of the array was modelled with the Floquet boundary conditions implementing the
appropriate phase shift for the parallel pairs of the side boundaries. The top boundary of the
air domain above the metamaterial, and the bottom boundary of the substrate domain below the
metamaterial were set to have scattering boundary conditions, with the top boundary acting as the
source boundary for the incident plane electromagnetic wave. At the top and the bottom of the
overall simulation domain, perfectly matched layers were implemented to avoid back-reflection.
Below the nanorods, a 10 nm Ta;Os and a 7 nm Au layers were introduced in order to represent
the structure of the experimental sample. The nanorods were modelled as ideal cylinders, with a
water layer of the thickness from O to 0.7 nm uniformly covering them and the top of the gold
layer below. The optical properties of the materials were taken from literature: Au [22], TayOs
[23], SiO; [24]. Additionally, the permittivity of Au in the nanorods was modified to implement
a restricted mean free path of the electrons of 3 nm, reflecting smaller grain sizes obtained in the
electrodeposition fabrication process [25,26].

The optical properties of nanoscale water have recently been intensively investigated [27].
Theoretical estimations of the optical response of molecular layers of water requires first-principle
simulations of a particular system in particular conditions. However continuous refractive
index models have been also successfully applied. Following the recent approach [28], a bulk
non-dispersive refractive index was used for water layer, equal to 1.33.
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The optical response of the bare gold nanorod metamaterials is presented in Fig. 2(a) (black
curve). The spectrum is dominated by a transmission dip around the wavelength of 500 nm and a
humidity-dependent shoulder at around 650 nm. The dip corresponds to the excitation of the
transverse plasmonic resonance of the coupled nanorods spectrally overlapping with an ENZ
wavelength region [29]. This can be easily understood looking at the spectral dependence of the
effective permittivity of the metamaterial (Fig. 2(b)). The transverse resonance corresponds to
the peak of the imaginary part of the transverse permittivity components Im(exy yy) and, for these
nanorod parameters, spectrally overlaps the metamaterial opacity region at the ENZ condition at
the wavelength slightly above 500 nm. Overall, this produces a combined transmission dip at
the spectral position which is in excellent agreement with the experiments. The shoulder in a
600-650 nm spectral region appearing in humidity measurements (Fig. 3(a)) is related to the
excitation of a Fabry-Perot (FP) mode supported by the metamaterial slab [30]. The presence of
the FP mode was additionally confirmed with a matching dip in the reflection spectrum. After the
PLH coating, there is an appreciable difference in the optical transmission compared to the bare
nanorod metamaterial due to the high sensitivity of the nanorod metamaterial to the refractive
index changes (Fig. 2(a)).
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Fig. 2. (a) The experimental transmission spectra for bare and PLH-coated metamaterials in a
dry nitrogen atmosphere. (b) The spectra of the effective permittivity of the bare metamaterial
calculated using an effective medium theory [30]. The metamaterial parameters are: nanorod
diameter 50 nm, nanorod length 230 nm and inter-rod separation 100 nm.

3. Results and discussion

The optical response of the bare gold nanorod metamaterial to the environmental humidity was
investigated. With the increase of RH, an obvious change in the optical transmission spectra is
observed, predominantly in a wavelength range of 600—700 nm (Fig. 3(a)). This is highlighted by
plotting a relative change AT/T (Fig. 3(b)), from where one can see an overall drop across the
entire measured spectral range as RH increases, with the maximum drop at around 610 nm (~5.3%
under RH of 75%). This spectral position is close to that of the FP mode of the sample, which
has been demonstrated to be extremely sensitive to refractive index changes in the surrounding
dielectric environment of the nanorods [15,31].

Since the change in the refractive index of air with varied RH is very small (4.2 x 1077 for
a RH change from 0 to 50% [32]), the obvious change in the transmission is not likely caused
by the change in the refractive index of the surrounding humid nitrogen gas. Also, because the
experiment was conducted at room temperature (25 °C) and the highest RH was less than 80%,
the nanorod metamaterial was operated above the dew point (24 °C) and, therefore, there is no
macroscopic dew formed on the nanorod array. The obvious change in the transmission of the



Research Article Vol. 12, No. 12/1 Dec 2022/ Optical Materials Express 4578

028
(@ (c)
0%
o024
c
°
1]
8 0.20 E 2%F
£ —_— 1y = —11%
S —25% 25%
» 0.16 —36% | —36%
= —53% A —53%
—88% e 68%
0.12 — 5% . ) . 75% o
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
(d) 10%
Water 5%
meniscus
- & 0%
7 <
; -5%
I
/| Gold
. 10%
Capillary
condensaticﬂ . . L .
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 3. (a) Transmission spectra measured at a 30° angle of incidence and (b) corresponding
relative intensity change A7/T when the bare gold nanorod metamaterial is exposed to
various levels of RH (11-75%). (c) TEM image of a single gold nanorod (after detachment
from the array) showing the rough surface of the nanorods. (d) Schematic diagram of
capillary condensation at the rough surface. (e) Numerically simulated transmission through
the metamaterial with the gold nanorods and bottom gold surface covered with a thin layer of
water molecules with a uniform thickness indicated in the legend. (f) Numerically simulated
relative transmission change A7/T as a function of the incidence angle (0-60°), when bare
gold nanorods are covered with a 0.7 nm H,O layer.

bare nanorod metamaterial with increasing RH is mainly due to nanoscale water condensation on
the rough surface of the polycrystalline gold nanorods. As indicated by a transmission electron
microscopy (TEM) image of a gold nanorod detached from the metamaterial (Fig. 3(c)), the
surface of the nanorods is rough and has a lot of grooves (with dimensions at a nanometer scale)
produced by the gold grains. Therefore, with moisture introduced into the chamber, in addition
to the condensation of water on the smooth surface of the grains, capillary water condensation
(Fig. 3(d)) in the grooves forms a water meniscus with an increased nonuniform nanoscale
thickness [33,34]. Additionally, continuous water layers can condensate at the top of the nanorods
and the bottom gold layer.

To confirm experimental findings, numerical simulations of the system were performed. By
using an average water film thickness of 0.3, 0.5, and 0.7 nm on each nanorod, two obvious dips
around 530 and 650 nm can be observed in the spectral dependence of AT/T with the increase
of the water film thickness (Fig. 3(e)), indicating the high sensitivity of the transmission to the
condensation of water molecules. The simulation results show the same general trend in the
transmission changes, while the difference with the experimental spectra can be expected due
to a much more complex structure of the condensation on the electrodeposited gold nanorods,
compared to a uniform layer on the surface of smooth nanorods considered in the numerical
simulations. The general trend also shows that the humidity-induced transmission change can
increase with the increase of the incidence angle (Fig. 3(f)).

For the PLH-coated gold nanorod array, the transmission spectrum shows a similar dependence
on the environmental RH changes (Fig. 4(a)), but with a larger value of AT/T, (~9.3% under a
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RH of 75%; Fig. 4(b)). Figure 4(c) further presents the RH-dependent AT/T of the bare and
PLH-coated gold nanorod arrays plotted at the wavelength of 613 and 640 nm, respectively,
with the RH increasing and decreasing in the range between 11 to 75%. For both curves, in the
range of low RH (11-36%), a little change can be observed (the slopes are 0.002 for the bare
and 0.003 for the PLH-coated nanorod metamaterials). For the middle RH ange (36-53%), a
gradual change (the slopes are 0.041 for bare and 0.086 for PLH-coated nanorod metamaterials)
is present. For the higher humidity values (53—75%), one can see a much steeper slopes for all
the curves: 0.191 for bare and 0.319 for PLH-coated nanorod metamaterials, indicating a higher
sensitivity response for higher humidity values. Moreover, compared with the bare gold nanorod
array (black curve), the PLH-coated counterpart (red curve) shows about a two-fold higher
sensitivity, as a steeper slope can be seen across the entire humidity range. This is attributed
to the hydrophilic properties of the PLH monolayer deposited onto the nanorod surface, which
can absorb more water molecules than the surface of the bare gold nanorod arrays where water
molecules absorbed only due to condensation. The RH-dependent fractional changes in the
transmission, measured under decreasing RH, agrees well with those measured under increasing
RH, indicating physisorption of water molecules on the metamaterial and good reversibility of
the sensor operation.
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Fig. 4. (a) Transmission spectra and (b) the corresponding relative intensity change AT/T
when the PLH-coated gold nanorod metamaterial was exposed to nitrogen gas with various
RH (11-75%). (c) Comparison of the relative intensity variation AT/T with the change
of the environmental humidity measured at 613 and 640 nm wavelength for the bare and
PLH-coated gold nanorod metamaterials, respectively.

4. Conclusion

We have demonstrated a strong dependence of an optical response of a freestanding gold nanorod
metamaterial on the changes in the RH of the environment due to roughness-assisted nanoscale
condensation of water on the nanorod surfaces. This reveals the importance of considering the
humidity conditions in the optical characterization of the plasmonic nanostructures and most
importantly in their practical applications in sensing. The sensitivity to RH was further improved
by functionalizing the metamaterial nanorods with a monolayer of hydrophilic PLH polymer
promoting the adsorption of water molecules, which opens a prospective for the development of
such metamaterial platform for optical humidity sensors. Particularly, the PLH-functionalized
nanorod metamaterials shown almost a 9% change in the transmission with the relative humidity
change from 11 to 75%, underlined by the high sensitivity of the excitation of the FP modes
supported by the metamaterial layer to the changes in the environment.
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