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Abstract: Optically controlled spectral-band selective terahertz (THz) modulators based on metal-
organic hybrid metamaterials were investigated. An artificially structured material, which consists of
two single split-ring resonators put together on the split gap side, was patterned on a silicon substrate
to generate frequency-selective properties. An active layer of an organic thin film (fullerene derivative
[6,6]-phenyl-C61-butyric acid methyl ester, also called PCBM) was deposited on the metamaterial-
silicon structure for modulating the transmission of incident THz radiation. The metal-organic hybrid
metamaterials enabled active control of spectral bands present in the transmission spectra of THz
waves. In addition, the changes in the photo-excited carrier density due to the transfer of charges
between the layers were quantitatively analyzed by simulation results.
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1. Introduction

Terahertz (THz) wave technologies have attracted much attention for their useful
application in various fields, such as high-speed wireless communication, spectroscopy,
and sensing/imaging systems [1-5]. In particular, the realization of active THz devices
is necessary for improved functionalities of spectroscopy and imaging systems and ad-
vancement in next-generation wireless communications. By utilizing various materials or
structures, such as semiconductor nanostructures, graphene, vanadium dioxide, plasmonic
structures, and metamaterials, several studies have demonstrated possibilities of active
modulation of transmission, reflection, spatial position, polarization, and phase of THz
waves [6-11].

Recently, active THz modulation based on organic-based hybrid structures has been
suggested for realizing an active control of the transmission of THz waves [12,13]. The
change in photo-induced carrier densities, caused by the dynamics of photo-excited carriers
in the hybrid structures, renders control of the amount of transmission of incident THz
waves possible. This method is receiving special attention owing to its various advan-
tages, such as high modulation efficiency, extreme broadband modulation, and excellent
compatibility with existing silicon-based technologies. Our group reported organic-based
active THz modulators with almost 100% modulation efficiency [14]. Several other research
groups have reported active THz modulators with high modulation efficiencies by utilizing
various structures based on organics, polymers, and perovskites [15-18].

More recently, artificially crafted composite materials (known as metamaterials) com-
bined with the organic-based hybrid structures presented above have been proposed to
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realize active tuning of the resonant response, which enables frequency-selective filtering
or spectral-band engineering [19-26]. In particular, active THz filters based on metama-
terial units of split-ring resonators (SRRs) offer wide variability in terms of structural
dimensions for dipole and LC resonances. Moreover, while maintaining high modulation
efficiency and actively controllable features of the THz waves, which are realized by an
organic material-based hybrid structure, it is necessary to create THz modulators with the
functions of frequency-selective filtering or spectral-band engineering.

In this paper, we demonstrated optically controllable, spectral-band selective THz
modulators, still having the property of high modulation efficiency, based on silicon-
metamaterial-organic hybrid structures. The metamaterial units, which consisted of two
single SRRs put together on the split gap side, fabricated on a Si substrate, exhibited
frequency-selective properties over multiple spectral bands. The organic thin film, fullerene-
derivative [6,6]-phenyl-C61-butyric acid methyl ester (also called PCBM), deposited on
the metamaterial-Si structure acted as an active layer for modulating the transmission
of incident THz radiation. By combining the organic thin film with the metamaterial-Si
structure, an active control of the spectral bands present in the transmission spectra of THz
waves was achieved. Furthermore, the simulations obtained to match the experimental
results, by fine-tuning of the electrical conductivity values of the PCBM and Si layers, aided
the understanding of the underlying mechanisms of the phenomenon, as well as estimated
the amount of change in photo-induced carrier density in the tri-layer structure.

2. Methods

As shown in Figure 1a, the metamaterial units, which consist of a planar array of SRR
elements, were fabricated on a Si substrate with a high resistivity of up to 1.0 x 10° Q-cm
by a conventional photolithographic technique. The unit elements were arranged with
periods of Py = 100 pm and Py =100 pm. A single unit cell of the metamaterial structure,
shown in Figure 1b, had a 100-nm-thick metallic layer (2 nm Cr adhesive layer and ~100 nm
Au film), 4 um line width, outer dimensions of dy = d, = 74 um, and split gap spacing of
g =4 um. The SRR was a suitable structure to independently control the two resonance
modes, fundamental LC resonance and dipolar resonance, by adjusting the polarization of
incident THz waves.

As shown in Figure 1¢, an organic thin layer of PCBM molecules (>99.5%), purchased
from Sigma-Aldrich (product number: 684449), was deposited on the metamaterial/Si
hybrid structure using a spin coating method. By controlling the organic concentration
and the rotation speed range of a spin coater, a PCBM thin layer with a thickness of
approximately 200 nm was fabricated. To improve the modulation efficiency, the thermal
annealing process of the fabricated samples was carried out on a hot plate at temperatures
above 200 °C for 1 h. The dynamics of photo-excited carriers, especially at the interface
between the PCBM and Si substrate, considerably depended on the relationship between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels shown in Figure 1d. According to the energy level diagram, the
photo-excited electrons in the Si substrate were injected into the PCBM layer, and the
photo-excited holes diffused within the Si layer.

The transmission through the samples was measured by a THz time-domain spec-
troscopy (THz-TDS) system. Pulsed THz waves were generated by a p-type InAs crystal
mainly due to an anisotropic photocurrent in the surface electric field and were detected by
a photoconductive antenna method [27-29]. As shown in Figure 1e, the THz waves were
incidented onto the surface area of the samples restricted by a 3-mm-diameter pinhole,
while the optical beam from a cw diode laser with a center wavelength of 785 nm was
incidented at an angle of 45° on the same area. The transmitted time-domain signals were
measured under the conditions of both with and without photoexcitation, and the trans-
mission amplitude spectra were obtained by carrying out a fast Fourier-transform method.
Here, the THz transmission measurements were conducted by changing the power of the
incident optical beam.
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Figure 1. (a) Microscopic image of the sample with PCBM/metamaterial/Si hybrid structure. (b)
Geometry and dimensions of an individual unit cell. Yellow and dark-green parts are metamaterial

and Si substrate, respectively. (c) Schematic side view in section through the X-Z plane. (d) An
energy-level diagram showing the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels of the PCBM/Si hybrid structure. (e) Experimental
configuration for THz transmission measurements on a sample.

Numerical simulations were performed by finite element modeling using the COM-
SOL Multiphysics software. Accurate simulation results could be obtained based on an
incident plane wave of THz radiation using the COMSOL wave optics module. Owing
to the periodic nature of the metamaterial elements, relatively easier simulations were
possible because they could be performed in a unit cell, shown in Figure 1b, with pe-
riodic boundary conditions. To quantitatively understand the carrier dynamics in the
PCBM/metamaterial /Si hybrid structures, the simulations, which were conducted to ef-
ficiently match the experimental results, were performed for different values of electric
conductivity of the PCBM and Si layers.

3. Results and Discussion

Figure 2a shows the simulation results of the transmission amplitude spectrum of
the metamaterials using the COMSOL Multiphysics software. The simulations show two
obvious transmission dips located at the frequencies of 0.35 THz and 0.85 THz. To obtain
the simulation results, the electric-conductivity values that corresponded well to the exper-
imental results, shown in Figure 2b, were selected. The transmission amplitude spectra
of the PCBM/metamaterial/Si hybrid structure, as shown in Figure 2b, were measured
by varying the laser power of the optical beam for photoexcitation. The polarization of
the incident THz waves was parallel to the metal lines present in the center of the unit
structure. Similar to the simulations, the experimental results also showed two obvious
transmission dips, located at the frequencies of 0.35 THz and 0.85 THz, with the exception
that the dip values at both the frequencies were slightly different.
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Figure 2. (a) Simulation results of the transmission amplitude for the tri-layer sample. (b) Normalized THz-transmission

spectra measured through the tri-layer sample with different laser powers of the optical beam for photoexcitation in the
range from 0 mW to 220 mW (3.1 W/cm?) with a step of 20 mW (0.28 W/cm?). The insets show electric field distributions
of the fundamental (f;) and second-order LC (f,) resonances at frequencies of 0.35 THz and 0.85 THz, respectively.

As shown in Figure 2a,b, the transmission rapidly decreased as the laser power of
the optical beam increased over the entire THz-frequency ranges. As the laser power of
the optical beam for photoexcitation increased, the concentrations of both photo-excited
electrons and holes increased, and subsequently, the electric conductivity of the silicon
substrate and the PCBM thin layer increased steadily. This phenomenon was caused by
efficient charge separation owing to the photo-induced electron transfer from the excited
states of the Si substrate into the PCBM layer, changing the tri-layer hybrid structures from
insulating to metallic [13].

The measured transmission spectra showed two obvious resonant dips located at
0.35 THz and 0.85 THz, as shown in Figure 2b. According to the electric-field distribu-
tion, as shown in the left inset of Figure 2b, the transmission dip located at 0.35 THz
may have been due to a fundamental inductive—capacitive (LC) resonance mode, since
the electric field was concentrated in the small volume near the gaps at the center of the
metamaterial units, and the circular current flow appeared on the metallic ring (not shown
here). In addition, the second-order LC resonance mode, which is similar to the hori-
zontal electric quadrupole mode, appeared at a frequency of 0.85 THz. Furthermore, the
transmission of the spectral band located between the two resonance frequencies could be
manipulated by varying the amount of photoexcitation. In principle, the range of spectral
bands to be transmitted can be engineered by manipulating the structures and dimensions
of metamaterials.

Figure 3 shows the intensity values obtained from the simulations (Figure 3a) and
the experimental results (Figure 3b) at the two resonant frequencies of f; = 0.35 THz
and f, =0.85 THz and, in addition, at the peak frequency (f3 = 0.47 THz) of the spec-
tral band located between the two resonant frequencies. Unlike the two frequencies
at resonance, the peak frequency of the spectral band was dramatically varied with in-
creasing the laser power of optical beam. This means that the hybrid structures of or-
ganic/metamaterial /semiconductor could be a promising structure for realizing actively
controllable band-pass filters or spectral-band engineering.
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Figure 3. The intensity values, extracted at the frequencies of f;, f, and f3, of the (a) simulated and (b)
measured transmission spectra.

It is important to compare the experimental and simulated values of spectral intensity
modulation efficiency that is defined as

J|Eun(@)Pdew — [ |Eex(w)[*dew

M =
S 1Eun(@)[*deo

7

where E.x and E,;; represent the electric-field amplitude spectra measured with and with-
out photoexcitation, respectively [22]. Figure 4 shows the spectral intensity-modulation
efficiency plotted as a function of the laser power of the optical beam. The black squares
and red circles indicate the values extracted from the simulations and experimental
results, respectively.
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Figure 4. Modulation efficiency of THz wave transmission extracted from the simulations shown
in Figure 2a (black squares) and experimental results shown in Figure 2b (red circles), plotted as a
function of the laser power of the incident optical beam for photoexcitation.

The most important variables required for simulations, the electrical conductivities
of electrons and holes, were selected so that the derived simulation results matched the
experimental results well. Furthermore, the electrical conductivity was proportional to the
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product of the carrier concentration and mobility. If a material has both electrons and holes,
the total electrical conductivity is given by

o = e(npe + ppn) 1)

where e, ye, py, 1, and p indicate the elementary charge, carrier mobility of electrons,
carrier mobility of holes, carrier concentration of electrons, and carrier concentration of
holes, respectively.

Figure 5 shows the carrier concentrations of electrons in the PCBM layer and holes
in the Si substrate, calculated using the above formula as well as from the simulation
results. Here, the hole drift mobility in high-resistivity silicon with a bulk resistivity of
more than 10° Q-cm was 500 cm?/(V-s), and the electron mobility in a thin film of PCBM
molecules thermally annealed at 150 °C was approximately 2.0 x 10~* cm?/(V-s) [30]. The
values of electrical conductivity selected to perform simulations to realize the experimental
results are listed in Table 1 below. Using the values of the electrical conductivity and carrier
mobility, the carrier concentrations of electrons in the PCBM thin film and holes in the Si
substrate are calculated as shown in Figure 5.
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Figure 5. Carrier concentrations, obtained with the simulation results, of photo-induced electrons in
the PCBM thin film and photo-induced holes in the Si substrate.

Table 1. Values of electrical conductivity used for carrying out simulations at different laser powers
of the incident optical beam employed for photoexcitation.

laser power (mW) 0 20 40 60 80 100 120 140 160 180 200 220

P(Z(]f(h{[o[_sg{)m] <116 174 278 36.0 40.6 464 487 55.1 580 615 63.8 69.6
Si[S/m] <l1l6 174 278 36.0 40.6 46.4 487 55.1 58.0 615 63.8 69.6

Considering the excess carrier distribution generated by an optical beam under the
continuous photoexcitation by a cw optical laser, the excess carrier concentration gradient
over all depths in both the PCBM and silicon layers was not found to be significantly
large in a dynamic equilibrium. The carrier concentrations could, therefore, be considered
uniform throughout the sample. Spatially separated electrons and holes at the PCBM-Si
interface allow sustained maintenance of a relatively high carrier concentration while
rendering both the layers sufficiently metallic in the THz frequency region.
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The carrier concentration values shown in Figure 5 fully demonstrate that the metal-
ized structures effectively blocked the incident THz waves. This procedure, using measured
THz time-domain signals and their corresponding simulations, could be utilized further to
study the properties of photo-induced charge carriers, such as carrier concentration and
electrical conductivity, even in the organic/metamaterial /semiconductor hybrid structures.
Therefore, we infer that the organic-metamaterial-based hybrid structures are useful in
designing actively controllable multifunctional THz filters, and THz technologies are worth
exploiting to study the carrier properties in those hybrid structures.

4. Conclusions

In conclusion, we have demonstrated organic/metamaterial/Si hybrid structure-
based active THz modulators with a spectral-band selective function. Here, the structured
metamaterial was employed for realizing frequency-selective function, and the PCBM thin
film acted as an active layer for modulating the transmission of incident THz radiation. The
electrical and optical properties of the hybrid structures, such as the photo-induced carrier
concentration and electrical conductivity, were characterized using Fourier-transformed
transmission spectra and their corresponding simulations. The tri-layer hybrid structures
have been found to be very promising for developing actively controllable multifunctional
THz filters with a frequency-selective function. Furthermore, the THz techniques could
be potential tools that could be widely utilized to understand the electrical and optical
characteristics of organic-based hybrid structures.
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