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Abstract: Infrared light has received attention for sensor applications, including fingerprint
spectroscopy, in the bioengineering and security fields. Surface plasmon physics enables the
operation of a light harvesting optical antenna. Gold nanochains exhibit localized surface
plasmon resonance (LSPR) in the infrared region with high frequency selectivity. However, a
feasible design for optical antennae with a higher resonant efficiency and frequency selectivity
as a function of structural design and periodicity is still unknown. In the present study, we
investigated the relationship between the resonant efficiency and frequency selectivity as a
function of the structural design of gold nanochains and explored structural periodicity for
obtaining highly frequency-selective optical antennae. An optical antenna design with higher
resonant efficiency is proposed on the basis of its efficient interaction with non-polarized light.
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1. Introduction

Infrared light has received considerable attention for use in many applications such as high
speed communications, transmission imaging and fingerprint spectra with important roles in
the bioengineering and security fields [1-3]. An optical antenna design is desired with high
resonant efficiency and frequency selectivity in the infrared region. Surface plasmons are
expected to play a role in the light harvesting optical antenna in the wavelength region [4,5]. In
particular, it has been recently proposed that a small number of molecules can be detected using
spectral modulation induced by an interaction between the molecular/intermolecular
vibrational mode and surface plasmons in the infrared wavelength region [6—9]. Therefore, a
viable design for plasmonic antennae in the frequency region would enable improved
sensitivity.

Nanoparticles of noble metal such as gold exhibit very intense color, which is derived from
localized surface plasmon resonance (LSPR) [10,11]. To induce LSPR in the near-infrared, a
gold nanorod with a relatively long length has been synthesized according to the reduction of
chloroauric acid using cylindrical surfactant micelles as a template [12,13]. Furthermore, the
LSPR wavelength of optical antennae responds to the far-infrared region when the rod length is
lengthened from approximately 1 um to 10 um with a higher aspect ratio as defined by the ratio
of length to width [7,9,14]. An optical antenna structure has also been designed that responds to
the mid-infrared region by increasing the length by linking many gold nanoblocks using
nanofabrication techniques rather than lengthening a single rod [15]; this design enables the
creation of charge transfer plasmons [16]. These studies focused on developing structures to
exhibit plasmon resonance in the infrared region and did not specifically address the design of
optical antennae with high resonant efficiency and frequency selectivity.

A high resonant efficiency and frequency selectivity is not necessarily obtained even if the
rod length is increased and the rods are arranged regularly in order. Higher-order plasmon
modes are excited because the total volume of the rod increases with rod length, and therefore
several modes such as the hexapole mode are induced in the higher-frequency region compared
to the dipole mode. As a result, the frequency selectivity decreases because new peaks appear in
the higher-frequency region compared to the dipole mode. To overcome this problem, we
previously proposed a gold nanochain in which several gold nanoblocks are regularly and
diagonally aligned with a link [15]. Gold nanochains offer the feature that higher-order modes
cannot be induced easily because the apparent aspect ratio increases as a result of the narrow
bottleneck width [15]. However, the resonant efficiency also decreases because plasmon
damping is induced by a resistivity based on the narrow bottleneck between nanoblocks. If the
nanoblocks are separated with a small nanogap, LSPR does not exist in mid- and far-infrared
regions although few spectrum shifts to the longer wavelength can be seen due to the
dipole-dipole interaction between the nanoblocks [17].

To increase the resonant efficiency, it is not necessary to reduce the pitch of periodic
structures. Careful design of periodic structures enables both near-field interactions between
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rods or chains and the influence of far-field coupling [18]. Furthermore, the extinction spectrum
becomes broader because linear polarized light along the transverse direction cannot be
transmitted to the substrate by diffraction if the structural periodicity along the transverse
direction is smaller because the periodic structure works as a linear polarizer. In the present
study, we focus on a structural design for obtaining gold nanochains with a high resonant
efficiency and frequency selectivity. Here, the resonant efficiency and frequency selectivity are
defined as the extinction value and the peak ratio between the fundamental plasmon mode and
the other modes such as higher order plasmon resonances, respectively. First, we explore the
relationship between the resonant efficiency and frequency selectivity as a function of the
structural design of gold nanochains. In particular, the importance of the bottleneck width is
discussed. Second, we elucidate structural periodicity for highly frequency-selective optical
antennae. Finally, we explore the design of optical antennae with higher resonant efficiency
from the viewpoint of efficient interaction with non-polarized light.

2. Experimental

Ordered arrays of gold nanochains were fabricated on a silicon or a sapphire substrate using
electron beam lithography and lift-off techniques [17]. After washing the substrate with
acetone, methanol, and pure water, a positive resist film used in electron beam lithography
(ZEP520a, Zeon Chemicals Co.) was deposited by spin-coating to a thickness of 200 nm on the
substrate. The resist film was then exposed to the desired pattern using an electron beam
lithography system (ELS-7000, Elionix Co.) with an accelerating voltage of 100 kV. Then, the
exposed resist film was developed and rinsed with a developer solution (Anisole, Wako Pure
Chemical Industries, Ltd.) and a rinsing agent (ZMD-B, Zeon Chemicals Co.). Chromium and
gold thin films were deposited by sputtering onto the developed substrate (MPS-4000C1/HCI1,
ULVAC Co.), and a lift-off process was conducted with a resist remover solution (ZDMAC,
Zeon Chemicals Co.), resulting in the formation of gold nanochains on the substrate. The
extinction spectrum in the infrared wavelength region was measured by a Fourier transform
infrared (FT-IR-6000TM-M) spectrometer equipped with a microscope attachment (FT-IR,
IRT-3000, Jasco Co.). In the frequency region lower than 667 cm™', FT-IR for the far infrared
region (FT/IR-6300FV, Jasco Co.) was employed. The area patterned by electron beam
exposure was 50 um x 50 um for the extinction spectrum measurement in the frequency region
higher than 667 cm™ (20 THz) and 5 mm x 5 mm for the frequency region lower than 667 cm™'
(20 THz). The FDTD Solutions software package (Lumerical, Inc.) was used to numerically
calculate the extinction spectrum of gold nanochains. The sapphire and silicon substrates were
assumed to behave as a dielectric with an average refractive index of n = 1.76 and 3.42,
respectively. The FDTD simulations were performed on a discrete, nonuniformly spaced mesh
with a maximum resolution of 3 nm [19]. In the plane of the substrate surface (x-y), we use
periodic boundary conditions. In the light propagation direction (z), perfectly-matched layer
(PML) boundary conditions were imposed at the boundaries of the calculation domain, which
was chosen large enough to avoid truncation of the field [15]. Extinction spectrum in the FDTD
simulation was obtained by the following equation:

Extinction=—log T (1)
where T is transmittance.
3. Results and discussion
3.1 Frequency selectivity of plasmon resonance band responding to a bottleneck width

To control the bottleneck width of gold nanochains while keeping the total length of the
nanochain at a constant value, we designed four nanostructure shapes to populate a gold
nanochain, as shown in Fig. 1(a), which shows a top view of square, circular, triangular, and
rhomboid shapes. The thickness of each nanochain was designed to be 30 nm. Figure 1(a)
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shows a schematic illustration of the designed gold nanochains; those five gold nanostructures
are diagonally aligned, and each nanostructure is overlapped 30 nm to maintain a total length of
655 nm with four bottlenecks between nanostructures. We emphasize that the bottleneck width
can be controlled by changing the shape of the nanostructures. The designed bottleneck width
differs in each nanostructure: 30 nm for the square, 90 nm for the circle, 60 nm for the triangle
and 60 nm for the thombus. Scanning electron microscope (SEM) images of gold nanochains
with different shapes of gold nanostructures fabricated on a sapphire substrate are shown in
Figs. 1(b)-1(e). The gold nanochains were successfully fabricated nearly as designed, although
the average bottleneck width of the circle was 88 nm and that of the triangle and rhombus was
67 nm. The bottleneck width and the structural size had a size distribution with a standard
deviation of approximately 3 nm, and the corner of the nanostructures was rounded with a
curvature radius of approximately 16 nm in the case of the square nanostructure.

(a) -

e e e

30nm  90nm 60 nm 60 nm 655 nm

= "i—'—-'-i:' " e >
155nm 155 nm 310 nm

Fig. 1. (a) Schematic illustration of the designed gold nanochains composed of nanostructures;
the top view of the square, triangular, rhomboid, and disk shapes are shown. Inset dimensions
show the side length or diameter of the circle, the total length, and the bottleneck width. SEM
images of gold nanochains consisting of five squares (b), circles (c), triangles (d), and rhombuses
(e). The thickness of the gold nanochains was set at 30 nm.

Figures 2(a) and 2(b) show extinction spectra of gold nanochains consisting of square and
circular nanostructures, respectively. The spectra of gold nanochains with a different chain
length were measured under non-polarized conditions, and the chain length was controlled by
the number of nanostructures composing a gold nanochain. Each spectrum exhibits two distinct
peaks. One is approximately 13,000 cm™' in square nanostructures and 12000 cm™ in circular
nanostructures, and the peak wavenumber is nearly independent of chain length. In contrast, the
other peak with a lower wavenumber exhibits a monotonic lower frequency shift with
increasing chain length. From a separate spectral measurement under linearly polarized
conditions, it was determined that the peak with a relatively higher wavenumber originates
from dipole plasmon resonance in the transverse mode (T-mode, the plasmon mode
perpendicular to the chain), and the peak with a relatively lower wavenumber originates from
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dipole plasmon resonance in the longitudinal mode (L-mode, the plasmon mode parallel to the
chain). Therefore, only the L-mode peak exhibited a spectral shift with increasing chain length.

Notably, the peak wavenumber, extinction value and spectral width differ between square
and circular nanostructures. Figure 2(c) shows the chain length dependence of the L-mode peak
wavelength with gold nanochains composed of square, circular, triangular, and rhomboid
nanostructures. The L-mode peak wavelength linear increases with chain length for each gold
nanochain. It was observed that the L-mode peak wavelength of gold nanochains composed of
square nanostructures was the longest when the chain length was the same and that the peak
wavelength was nearly the same in the nanochains consisting of triangular and rhomboid
nanostructures. In particular, the L-mode peak wavelength was highly dependent on the chain
length as well as the bottleneck width, and the peak wavelength was longer in the gold
nanochains with narrower bottleneck width.
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Fig. 2. Extinction spectra of gold nanochains consisting of square (a) and circular nanostructures
(b) with a different chain length; 270 nm red line, 398 nm blue line, 527 nm pink line, 655 nm
green line, 783 nm brown line, and 912 nm navy line. The black line is extinction spectrum of
one square (a) and circular (b) nanostructures, respectively. (c) Chain length dependence of the
L-mode peak wavelength with gold nanochains consisting of square, circular, triangular, and
rhomboid nanostructures. (d) The quality factor as a function of the chain length of gold
nanochains consisting of square, circular, triangular, and rhomboid nanostructures.

Figure 2(d) shows the quality factor as a function of the chain length of gold nanochains
consisting of square, circular, triangular, and rhomboid nanostructures. The quality factor is
defined as the resonant frequency divided by its spectrum width based on the full width at half
maximum of the spectrum [15]. The quality factor of circular nanostructures is the highest
because the spectrum width is relatively sharper. In addition, the quality factor is nearly the
same in the nanochains consisting of triangular and rhomboid nanostructures because the
resonant frequency and its spectrum width are identical each other. Namely, the spectral width
is narrower in the gold nanochains with a broader bottleneck width because the narrower
bottleneck induces damping as a result of the low conductivity between nanostructures.

Finite-difference time-domain (FDTD) simulations were performed to confirm the spectral
properties of gold nanochains. Figures 3(a) and 3(b) compare experimental and simulated
extinction spectra of gold nanochains consisting of square and circular nanostructures. The
FDTD extinction spectra were obtained using linear polarized light along the chain. Peak
positions of the simulated extinction spectra were similar to those of the experimental
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extinction spectra, respectively. It is noteworthy that small peaks around 7200 cm™ in square
nanostructures and 9800 cm™ in circular nanostructures can be seen in the simulated spectra.
The inset figures in Figs. 3(a) and 3(b) show a near-field intensity distribution of each peak. The
small peaks can be assigned as a hexapole mode from the near-field intensity distribution in
Figs. 3(a) and 3(b) and the charge distribution (data were not shown here), which is induced by
a far-field coupling based on the periodic array of nanochains. Importantly, the hexapole peak
of circular nanostructures is relatively larger in experimental and simulated spectra as shown in
Fig. 3(b). Namely, the gold nanochains with narrower bottlenecks exhibit better frequency
selectivity, which corresponds to a higher peak ratio between dipole and hexapole modes,
although the extinction values are low, which constitutes a trade-off. However, it is necessary to
use gold nanochains with square nanostructures for the purpose of higher frequency selectivity.
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Fig. 3. The experimental and the simulated extinction spectra of gold nanochains containing five
square (a) and circular (b) nanostructures with a chain length of 655 nm. The inset figures show
a near-field intensity distribution of each peak. The experimental extinction spectra were taken
from Figs. 2(a) and 2(b).

3.2 Frequency selectivity in plasmon resonance originating from structural periodicity

To elucidate the effect of structural periodicity on the resonant efficiency and the frequency
selectivity of plasmon resonance in the infrared region, we designed an ordered array of gold
nanochains with square nanostructures as shown in Fig. 4(a). Here, a is the structural
periodicity and b is the chain length. Spectral properties were studied as a function of two
parameters: one is the structural periodicity relative to the chain length (a/b) from 1.25 to 2.25,
and the other is a rotating angle (6) relative to the transverse axis from 0 to 60°. For example,
the distance between the nearest nanochains becomes about 1.1, 1.2, 1.3, and 1.5 times longer
than that with 6 of 0 when the structures (a/b: 2) are rotated with 6 of 15°, 30°, 45° and 60°,
respectively. The extinction value and the peak ratio between dipole and hexapole modes were
employed for the evaluation of the resonant efficiency and frequency selectivity in this study.
Figures 4(b) and 4(c) show typical SEM images of gold nanochains containing between ten and
thirty square nanostructures (a/b = 2) with 6 of 0 and 60°, respectively. The thickness of each
nanochain was 30 nm. In this study, a silicon substrate that transmits infrared light with a wide
spectral range was used because the spectral properties in the far infrared region were also of
interest. Figure 4(d) depicts extinction spectra of gold nanochains composed of ten square
nanostructures with various structural periodicity values (a/b: 1.25, 1.5, 1.75, 2, and 2.25). The
rotating angle 8 was set at 0 as shown in the SEM image of Fig. 4(b). When the structural
periodicity ratio was set relatively larger such as 2.25 or 2, a dipole plasmon resonance band of
approximately 1050 cm™ was clearly detected. In the spectrum, the noisy feature at
approximately 2380 cm™' and the small dip at approximately 1260 cm™' originate from the
absorption of carbon dioxide in the atmosphere and from spectral modulation influenced by the
Si-O-Si asymmetric stretching vibrational mode on the silicon surface.
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Fig. 4. (a) An ordered array of gold nanochains with square nanostructures; a/b is defined as the
structural periodicity relative to the chain length, and 6 is defined as a rotating angle relative to
the transverse axis. SEM images of gold nanochains containing ten and thirty square
nanostructures (a/b = 2) with 8 of 0 (b) and 60° (c), respectively. (d) Extinction spectra of gold
nanochains composed of ten square nanostructures with various structural periodicity ratios (a/b:
1.25,1.5,1.75, 2, and 2.25); 6 was set at 0. (¢) FDTD extinction spectra of gold nanochains with
ten square nanoblocks (a/b: 1.5 and 2.25).

On the other hand, an additional peak of approximately 2750 cm™' appeared when a/b was
reduced to 1.5. Based on the FDTD simulation, the additional peak was assigned to the
hexapole mode. The representative FDTD extinction spectra of gold nanochains with ten
square nanostructures (a/b: 1.5 and 2.25) are shown in Fig. 4(e). Notably, the hexapole mode at
approximately 2700 cm™' appeared in the FDTD simulation as well when a/b had the relatively
smaller value of 1.5. Thus, the FDTD extinction spectra nearly reproduced the experimental
extinction spectra.

The spectral properties concerning the extinction value and the peak ratio between dipole
and hexapole modes as functions of a/b and 6 are summarized in Fig. 5. For all 6, the extinction
value increased with decreasing a/b because the structural density increased when the structural
periodicity became small. It is noteworthy that the frequency selectivity, which is highly
dependent on the peak ratio between dipole and hexapole modes, is suitable for larger
periodicity and an appropriate angle because the inter-structural distance becomes longer with
the rotating angle. Although the extinction value and the peak ratio between dipole and
hexapole modes are inversely related and thus necessitate a trade-off, there is an optimal
configuration that offers a high frequency selectivity and a relatively high extinction value (e.g.,
a/b =2 and 6= 60°). We performed the same experiments and analyses using gold nanochains
with five and fifteen square nanostructures and found that the optimized conditions were nearly
same as with ten nanostructures.



Research Article Vol. 24, No. 16 | 8 Aug 2016 | OPTICS EXPRESS 17735 I

Optics EXPRESS Y X

(a)

a
0.204 | | 2]

0.154

Extinction
<>
op
Slom
IR Y
3

o o o

= o =

=] ] o
1 I

G
HRLP-
)

2 4 ;

T ] )
o ;] ; u mo
x N ®15
8 24 . 430
o] n 45
® 60

0 . ; . . .
1.25 1.50 1.75 2.00 2.25

alb

Fig. 5. (a) Plots of the extinction value at the peak wavenumber of the dipole resonance band as a
function of a/b and #; (b) Peak ratio between dipole and hexapole modes as a function of a/b.

Thus, we have fabricated long gold nanochains composed of square nanostructures with a/b
of 2 and 6 of 60° as shown in SEM image of Fig. 4(c). Figure 6(a) shows the extinction spectra
of gold nanochains with thirty square nanostructures with the substrate as a reference. A nearly
symmetric dipole resonance band can be observed in the frequency region at approximately 370
ecm™' (11 THz). Figure 6(b) indicates the chain length dependence of the resonant wavelength.
The resonant wavelength increases linearly with increasing chain length, similar to Fig. 2(c).
Therefore, we have successfully controlled plasmon resonance in the near-infrared to the
far-infrared regions with a high frequency selectivity using gold nanochains with square
nanostructures and the appropriate structural periodicity and arrangement to inform the design
of plasmonic antennae.
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Fig. 6. (a) Extinction spectra of gold nanochains with thirty square nanostructures (black line)
compared to the substrate (red line). (b) Chain length dependence of the resonant wavelength.
Inset shows extinction spectra for different lengths of gold nanochain composed of square
nanoblocks; two blocks red line, three blocks blue line, four blocks pink line, five blocks green
line, seven blocks dark brown line, ten blocks navy line, and fourteen blocks orange line.

3.3 Improvement of resonant efficiency using ring-type gold nanochains

One of the drawbacks of gold nanochains is their low resonant efficiency because gold
nanochains are sensitive only to the linear polarized light along the chain. To overcome this
drawback, an isotropic antenna shape on the substrate surface is required to interact with
non-polarized light efficiently. Gold disks are straightforward to design and fabricate by
lithography as a representative isotropic antenna shape on the substrate surface. However, it is
known that multiple plasmonic modes are excited [20]. The design of a cross-shaped gold
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nanochain (two nanochains cross right-angled at center of chains), which can interact with
non-polarized light, were also considered. However, the hexapole peak still remains although
the extinction value increased about twice as compared to that of a straight nanochain from the
FDTD simulation (the data were not shown here). Therefore, we designed ring-type gold
nanochains as shown in the SEM images of Fig. 7(a), which shows eighteen, thirty-six, and
sixty circular nanostructures (diameter: 155 nm) arranged in a circle. The thickness of each
nanochain was fabricated to be 30 nm. Figure 7(b) shows extinction spectra of the ring-type
gold nanochains composed of circular nanostructures with various ring diameters. The ring
diameter was defined as the outer diameter. The plasmon band exhibits a lower frequency shift
with increasing ring diameter. Therefore, we plotted the peak wavelength as a function of the
ring diameter as shown in Fig. 7(c). The resonant wavelength linearly increases with increasing
ring diameter.
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Fig. 7. (a) SEM images of god nanochains consisting of eighteen, thirty-six, and sixty circular
nanostructures arranged in a circle. (b) Extinction spectra of the ring-type gold nanochains
composed of circular nanostructures with different ring diameters: 0.51 um red line, 0.61 pm
blue line, 0.80 um pink line, 0.96 pm green line, 1.35 um dark brown line, 1.69 pm navy line,
and 2.05 um orange line. (c) Peak wavelength vs. ring diameter.

Notably, distinct higher-order plasmon resonance modes were not observed in the spectra. It
can be concluded that damping was induced because of the curvature. Analogous to the straight
gold nanochains with narrower bottlenecks described in 3.1, the damping induced broadening
of the dipole resonance spectrum and suppression of higher-order plasmon resonances. We
performed FDTD simulation using the design of the ring-type and the straight gold nanochains
with circular nanostructures. Figure 8(a) shows FDTD extinction spectra of ring-type and
straight gold nanochains with a diameter of 1.35 um and a chain length of 1.35 pum,
respectively. The hexapole peak is not observed in ring-type gold nanochains although that is
observed in straight gold nanochains. Therefore, it was confirmed that frequency selectivity is
high in the ring-type gold nanochains as well as in FDTD simulations. Figure 8(b) shows the
FWHM as a function of resonant frequency. The spectral width of ring-type gold nanochains
became broader than that of straight gold nanochains even with square nanostructures.
However, only 20% of light was transmitted in the case of the ring-type gold nanochains,
although 80% of light is transmitted without interaction in the case of the straight gold
nanochains. (These values are estimated using the extinction values.) Therefore, the ring-type
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gold nanochain is also a promising design for infrared antennae with high frequency selectivity

and resonant efficiency.
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Fig. 8. (a) FDTD extinction spectra of ring-type and straight gold nanochains with a diameter of
1.35 pm (dark brown line) and chain length (navy line) of 1.35 um, respectively. (b) The
resonant wavenumber dependence of the spectral width as FWHM with ring-type (red) and
straight (black) gold nanochains, respectively.

4. Conclusion

We have studied the spectral properties of gold nanochains to explore the design of optical
antennae with higher resonant efficiency and frequency selectivity. The excitation of hexapole
mode was suppressed because of the narrower bottleneck width of approximately 30 nm and
longer inter-structural distance compared to the chain length. In particular, the gold nanochains
containing square nanostructures that were used as an optical antenna enable high frequency
selectivity. However, the straight gold nanochains suffer from the disadvantage that the
resonant efficiency is relatively low because gold nanochains are sensitive only to linear
polarized light along the chain. The ring-type gold nanochains containing circular
nanostructures arranged in a circle are found to be a promising configuration for optical
antennae in the infrared region, as they exhibit a high resonant frequency and relatively high
frequency selectivity. These antenna designs can be customized according to the specific
application. This study provides guidelines for optimizing the structural design of optical
antennae in the infrared region.
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