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Plasmonic materials that strongly interact with light are ideal candidates for designing subwavelength
photonic devices. We report on direct coupling of terahertz waves in metallic nanorods by observing the
resonant transmission of surface plasmon polariton waves through lithographically patterned films of silver
nanorod (100 nm in diameter) micro-hole arrays. The best enhancement in surface plasmon resonant
transmission is obtained when the nanorods are perfectly aligned with the electric field direction of the linearly
polarized terahertz wave. This unique polarization-dependent propagation of surface plasmons in structures
fabricated from nanorod films offers promising device applications. We conclude that the anisotropy of
nanoscale metallic rod arrays imparts a material anisotropy relevant at the microscale that may be utilized for
the fabrication of plasmonic and metamaterial based devices for operation at terahertz frequencies.

erahertz (THz) plasmonic metamaterials is an exciting and timely new research area. THz radiation, as
defined in the frequency range of 0.1-10 THz, has a multitude of desirable attributes. These include a non-
ionizing nature, good transmission through many optically opaque materials, and the ability to probe
signatures of biochemical molecules and illegal drugs. Thus, THz radiation has extensive applications in a broad
range of disciplines, particularly sensing, imaging, and spectroscopy'~*°. Both electronics and optics are pushing
their boundaries into this far-infrared region, thereby offering the promise of future wide-scale development. A
difficult hurdle for both approaches is the lack of natural materials that respond favorably to THz radiation. THz
plasmonics and metamaterials are promising because they can be specifically designed at will to respond to THz
radiation in ways that naturally occurring materials cannot, and could therefore impact broad application areas
including civilian and military radar systems, local covert communications, optoelectronics, and THz imaging.
Currently, two challenges in THz plasmonics and metamaterials include: (1) finding novel approaches to
transition to next-generation THz devices, and (2) overcoming loss mechanisms. The latter presents a fun-
damental barrier in the available conductivity of metals'”. In terms of the former, remarkable progress has been
made in THz generation and detection in the last two decades, but there is a great demand for basic components
necessary to manipulate THz waves. THz metamaterials are a timely invention that offers promise here. THz
metamaterial based negative index of refraction'®, modulators', absorbers®, invisibility cloaking®"*, proof-of-
concept demonstrations of thin film sensing”*, antennas***, and unique optical activities®, all herald the
development of next-generation THz devices for a broad area of applications. Many of these demonstrations
are based on hybrid metamaterial concepts, where tuned electromagnetic properties of the constituents (e.g.
silicon) convey additional functionality to the macroscopic metamaterial®'. However, nanostructuring the con-
stituents, to modify their bulk electromagnetic response before inclusion into THz plasmonic metamaterials, are
unexplored. Recent developments in nanofabrication have opened new opportunities to fabricate metallic nano-
structures with tunable porosity and alignment, and can be integrated into conventional micro-fabrication pro-
cess. Engineered nanostructures with controlled porosity and morphology could systematically tune the dielectric
and polarization properties of metals in the THz regime. The combination of the material control on multiple size
scales could be a key enabler. Combining nanostructured thin films with microstructured plasmonic metama-
terials will give us a new opportunity to design and explore novel THz devices with unique functionality.

Results

Design and measurements of the nanorod plasmonic arrays. In this article we report a study of the THz
response of well-aligned silver nanorod array films and a THz surface plasmon (SP) resonant device® that has
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been lithographically patterned using these silver nanorod films. Our
results demonstrate that anisotropic thin metallic nanorod structures
can be used to tune the THz response and can be another important
strategy to design THz plasmonic metamaterial based devices.

Aligned and tilted silver nanorod (AgNR) arrays were fabricated
directly on silicon substrates by oblique angle deposition (OAD)
method in a custom-designed electron-beam evaporation system?®***,
During the deposition, the Ag vapor flux was incident onto the
silicon substrates at an angle of 86°, resulting in nanorods of 1 um
in length, 100 nm in diameter, and a tilt angle of 72° with respect to
the surface normal®**. Figure la shows a representative top view
image of the Ag nanorod arrays obtained by a scanning electron
microscope (SEM, FEI Inspect F). The length, tilt angle, and porosity
of the AgNRs can be controlled by the deposition rate, duration, and
vapor incident angle, which result in tunable optical properties®. A
terahertz time-domain spectroscopy (THz-TDS) system was
employed to characterize the nanorod samples**. Angle dependent
transmission measurement was carried out to characterize the polar-
ization properties of the unpatterned AgNR array. After each time-
domain measurement, the sample was rotated with respect to the
normal of its surface at an interval of 10°.

It was found that the THz properties of the nanorod arrays are
tunable; in particular, the anisotropic arrangement of the AgNR
arrays induces a polarization dependence in the transmission of
terahertz waves. Figures 2a and 2b show the transmitted time-
domain pulses and the corresponding Fourier-transformed ampli-
tude spectra of an AgNR array oriented at 0° and 90°, respectively.
Here, 0° and 90° represent the polarization of the THz electric field
parallel and perpendicular to the direction of the long axis of the
nanorod’s projection onto the silicon substrates. As shown in Fig. 2b,
the unique anisotropic structure of the AgNR arrays resultedina4:1

Figure 1 | Illustration of morphology and dimensions of Ag nanorods.
(a) SEM image of the Ag nanorods deposited on a silicon wafer.

(b) Staggered base morphology derived from the SEM image. The rods
have a diameter 100 nm, length 1 pm, and are oriented at a 72° angle with
the substrate normal. L, = 250 nm, L, = 893 nm.
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Figure 2 | THz-TDS measured results of uniform Ag nanorod arrays.
(a) Time-domain pulses transmitted through the Ag nanorod array at
angles of 0° and 90°, respectively. (b) Corresponding Fourier-transformed
spectra. (c) A complete set of THz-TDS spectra with the Ag nanorod array
rotated about the normal to its surface at various angles.

contrast ratio in the amplitude transmission of THz pulses. Figure 2¢
shows a whole set of the polarization angle dependent transmission
spectra. As the polarization angle increases from 0° to 90°, the THz
amplitude transmission becomes stronger.

Numerical simulations. Such a trend can be understood using
numerical simulation by the finite-difference time-domain
(FDTD) method (using the software package XFdtd (Remcom)).
Figure 1b shows the staggered base morphology of AgNRs derived
from the SEM image. We treat the AgNR arrays as round-tipped
cylinders oriented with a tilt angle of 72° with respect to the
surface normal and arranged in the plane of the substrate into a
two-dimensional (2D) rhombic lattice with the lattice dimensions
L, =250 nm and L, = 893 nm as defined in Fig. 1b. Clearly this
structure is an idealization of general features shown in Fig. 1a. The
actual samples have rods connected at various areas and separated to
various extents. The connectivity of the nanorods is evidenced by
four-point probe measurements of the anisotropic resistance of
AgNR sample (see Supporting Information). Thus, it is reasonable
to further hypothesize that the rods are coupled by material
connections that may be resistive or capacitive in nature. If the
point of contact between rods is significantly smaller than the rod
diameter, then the connection is resistive. If protuberances on rods
are in very close proximity but not actually in contact, then the
coupling is capacitive. Therefore, in the simulation we add resistive
and capacitive connections to the 2D unit cell of the base
morphology.

The simulations described here use ~1 ps Gaussian pulses cen-
tered at ~1 THz. We chose a spatial grid cell size of 8 nm with an
intent to resolve the base morphology while maintaining reasonable
computational size. This choice results in a staircased spatial mesh-
ing of the rods with features that are at most 10™* X A;,, where A,
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refers to the shortest wavelength contributing to the excitation spec-
trum. Spurious diffraction from curved material surfaces that are
imperfectly realized on the discrete spatial grid may therefore be
neglected. The ~0.01 fs time step that results from this choice
according to the Courant stability condition ensures numerical
stability for all frequencies and materials considered®. The size of
the computational domain required was reduced by imposing peri-
odic boundary conditions at the edges of the 893 nm X 250 nm unit
cell, which corresponds to a physical system that is infinite in the
plane of the substrate. Drude behavior in the AgNRs of the base
morphology is  implemented according  to the permittivity™®

g(w)=1— , where w, = 1.37 X 10" rad/s is the plasma

p
o(iy+w)
frequency and y = 8.20 X 10" rad/s is the scattering frequency®**.
For resistive inter-rod coupling in the y-direction, 100 nm diameter
cylindrical connectors with scattering frequency 7y increased by a
factor of 16 are added at the rod tips. For resistive coupling in the
x-direction, similar connectors with scattering frequency y increased
by a factor of 3.5 are added at rod bases. An additional rod with a
20 nm thick dielectric spacer with a dielectric constant of 800 is
added for capacitive coupling across rod tips in the x-direction. If
the simplistic form of capacitance in terms of parallel plates of area A
separated by a dielectric with thickness d is assumed, then the higher
dielectric constant of the capacitive element can be reduced to corre-
spond to that of air while keeping the capacitance constant if A/d is
increased by a factor of 800. Taking A to be the surface area of one
of the rods and d = 1 nm constitutes one set of geometrical
parameters that results in the same capacitance with unit dielectric
constant. This combination of inter-rod coupling elements produces
anisotropic high-pass filter behavior similar to that measured in our
experiments (the computational morphology is shown in Supporting
Information).

Comparison and analysis of simulated and experimental results.
Figure 3a shows the simulated normalized amplitude transmission
spectra of the AgNR array with varied incident polarization
calculated by the FDTD method. The trends of the numerical
spectra are in good agreement with the experimental results, as
shown in Fig. 3b. In both experiment and simulation it is observed
that transmission increases approximately linearly with frequency at
angles greater than 30°, although this effect is more pronounced in
experiment. At the polarization angles of 0° and 15°, the
transmittance remains almost unchanged with frequency. In all
cases, transmission decays with decreased polarization angle. The
majority of the transmission drop occurs between polarization
angles 30° and 75°. We consider the agreement between the
simulation and experimental results shown in Fig. 3 to be limited
by the constraint to morphologies with translational symmetry of
such small lattice vectors. In other words, the investigation of
connections within the smallest unit cell of the staggered base mor-
phology is computationally convenient, but limits the accessible
spatial extent of impedance-matched electrical pathways. With this
limitation, the spatial confinement of uniformly damped oscillations
in and on Drude materials is limited by the unit cell size. Longer-
range impedance-matched electrical pathways are thought to be
responsible for the non-monotonicity occurring in the normalized
transmission spectra measured in our experiments at intermediate
incident polarization angles as shown in Fig. 3b. We conclude that
the nanorod shape and orientation produce effective anisotropic
bulk conductivity to the THz radiation.

Discussion

Such polarization-dependent properties of the AgNRs can be used to
design subwavelength plasmonic THz devices’*?. The AgNR film
was lithographically patterned with a periodic array of subwave-
length holes. The inset of Fig. 4a shows that the dimension of the

0'14 T T T T T
(@)
—— 90 degree 75 degree
S p— degree 45 degree 7
—— 30 degree 15 degree

'5 0.10 F  —— 0degree 1
2
£ 008l .
c
c
'_
o 0.06
ie]
=}
h=
S 004 L i
IS
<<

0.02 |- B

000 " 1 " 1 " 1 " 1 " 1 "

0.5 1.0 1.5 2.0 2.5 3.0
Frequency (THz)
0.14 T T T T T
0.12

0.10

0.08

Amplitude Transmission
o
o
(o)}

0.04
0.02
000 1 1 1 1 1
0.5 1.0 1.5 20 25 3.0
Frequency (THz)

Figure 3 | Normalized amplitude transmission spectra for various
incident polarizations. (a) Simulated transmission spectra of the Ag
nanorod array. (b) Experimental transmission spectra.

rectangular holes is 100 pm X 80 pm and the lattice constant is
160 pum in both x and y directions, thus the holes represent 31.25%
of the surface area. The holes are smaller than the free-space res-
onance wavelength, i.e. 600 pm (0.5 THz) in this case. The remain-
ing surface area is uniformly covered with AgNRs. Two arrays are
created with identical aperture dimensions, lattice constant, and
thickness, but different nanorod orientations with respect to the
rectangular holes. The first hole array (inset in Fig. 4a) has the dir-
ection of the nanorods tilted along the shorter 80 um side (x-axis) of
the holes. We refer to this array as AgNR1. The second hole array
(inset in Fig. 4b) has the axis of nanorods tilted along the longer,
100 pm side (y-axis) of the holes. We refer to this array as AgNR2. A
linearly polarized THz wave was incident at normal incidence onto
each of the structured surfaces, with the electric field either parallel or
perpendicular to the shorter axis (x-axis) of the holes. These two
hybrid micro-/nano-structures show distinct THz response.

Figure 4a shows the THz transmission spectra obtained from hole
array AgNR1. When the THz field is parallel to the long axis of the
nanorods and the short axis of the holes in AgNR1, we observe the
excitation of the fundamental [0,1] SP resonance mode at the metal-
lic nanorod-silicon interface at 0.5 THz. However, as the array
AgNR1 is rotated by 90 degrees such that the THz field is parallel
to the long axis of the holes, the SP resonance disappears. Thus, the
excitation of the SP resonance in the hole array is strongly linked to
the excitation of SPs in the individual nanorods. The electronic
excitation in each nanorod becomes possible only when the incident
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Figure 4 | Measured transmission through the AgNR arrays patterned
with rectangular holes. Spectra of the measured amplitude transmission
through both arrays are shown when the electric field is polarized either
along the short axis or along the long axis of the holes. (a) AgNRI is
patterned with the nanorod projection along the shorter axis of the hole.
(b) AgNR?2 is patterned with the nanorod projection along the longer axis
of the hole. The insets show optical microscope images of the 80 pm X
100 pm rectangular hole arrays in the AgNR films.

THz field is aligned along the longer axis of the nanorods. In Fig. 4b,
we observe a similar behavior in the second hole array AgNR2. The
fundamental SP resonance mode is excited at 0.5 THz when the
electric field is aligned along the longer axis of the nanorods as well
as of the holes. As this sample is rotated by 90 degrees, the resonance
disappears since the THz waves do not couple to the nanorods and
fail to excite the SPs. These unique polarization dependent properties
are consistent with the idea of anisotropic effective THz conductivity
in the Ag nanorod film, and clearly demonstrate an opportunity for
developing new and more functional THz components and devices.
The SP wave is excited in each nanorod. Since the nanorods are
separated with a distance much smaller than the wavelength of the
incident electromagnetic wave, the plasmon modes interact strongly
with each other through their near fields giving rise to a collective
resonance response. The local electric field intensity at the resonance
could exceed the intensity of incident field by several orders of
magnitude. Such intense fields can be exploited for enhanced

spectroscopy, nonlinear processes, lithography, sensing and all
related applications.

In summary, the polarization-dependent transmission of THz
pulses through Ag nanorod array films was demonstrated both
experimentally and numerically by varying the angle between the
tilted nanorods and the electric field polarization. Resonant extra-
ordinary transmission was measured through Ag nanorod films pat-
terned with periodic arrays of rectangular subwavelength holes on a
silicon substrate. The resulting spectroscopy points to the selective
excitation of SPs according to the anisotropic conductivity of the
nanorod film. Moreover, the results demonstrate that the anisotropic
nanoscale surface morphology of the metallic rods gives rise to the
material anisotropy observed at THz wavelengths ~3 orders of mag-
nitude longer than the nanorod length scale. These unique material
surfaces, used as lithographic substrates onto which subwavelength
structures are patterned, provide a means for realizing novel THz
polarization filtering, switching, tuning, sensing, and narrowband
filtering devices. The nanorod plasmonic device also provides for a
much increased surface area and intense fields in the interstitial space
between the vertical rods that could be exploited for binding biomo-
lecules that the nanorod hole array device would be able to sense
easily.

Methods

THz-TDS measurements of the nanorod plasmonic geometries. A THz-TDS
system was employed to characterize the nanorod samples. It consisted of a
photoconductive-switch based transmitter and receiver and featured a frequency-
independent beam waist of 3.5 mm, a useful bandwidth of 0.1 to 4.5 THz (3 mm-
67 um), and an amplitude signal to noise ratio (S/N) of > 10000 : 1. The short pulse
terahertz wave propagated through the AgNRs and the silicon substrate (640 pm
thick, n-type resistivity p = 12 Q cm) at normal incidence with the electric field
parallel to the optical table. The transmitted THz signal was recorded in the time
domain and subsequently converted to the frequency domain by Fourier transform.
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