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Abstract: We present metamaterial-enhanced terahertz vibrational spectroscopy to solve the
low sensitivity problem of the THz ray absorption detection in molecular and biomolecular
thin film. In a proof-of-principle experiment, we demonstrate the system in split ring
resonators (SRRs) metamaterial that is strongly coupled to L-tartaric acid molecular under a
low-temperature condition. The experimental results show that the extinction ratio of the
detected signal can be significantly improved from 1.75 dB to 4.5 dB. The numerical
calculations confirm and explain the experimental observations. By detuning the resonance of
metamaterial, the behavior of the spectral signal is modified. When the SRRs and molecular
vibrational resonance frequencies are closely aligned, a clear mode splitting is observed
resulting in a transparency transmission with enhanced extinction ratio. This method shows
great potential for application in thin film sensing by detecting molecular vibrations in the
lower-energy terahertz region.
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1. Introduction

Vibrational spectroscopy of molecules is of general importance in chemical and biological
identification [1]. In recent decades, terahertz (THz) spectroscopy has received considerable
attention, for its energy closing to that of intermolecular interactions, such as hydrogen
bonding, the lattice vibration, van der Waals force, and the translational and rotational energy
of a molecule [2—4]. Therefore, it is a promising method to measure the spectrum of low-
frequency modes of molecules or ensembles, such as crystals and polymers, including
proteins, which has proved its effectiveness in detection of skin, breast, liver, colon tumors [5,
6].

A widely applied technique for performing spectroscopic measurements of samples in the
THz frequency range is to combine the powdered sample with a binding medium such as
polyethylene (PE) powder, such mixture is pressed into a pellet (of the order of 10 mm in
diameter), and then placed in the path of the radiation. This technique is simple and well-
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established, but it is not suitable for very small quantities of samples and thin film sensing.
Due to the lower interaction between the wave and the molecular/intermolecular vibrational
modes in the THz region, detecting molecular vibrations of a thin film is still challenging. To
overcome this difficulty, THz differential time-domain spectroscopy was introduced [7, 8].
However, this method needs to restructure the conventional THz time-domain spectroscopy
system, which brings extra complexity in system application. Many recent works proposed
various micro- and nanostructures, such as a metallic hole array, a ring resonator as well as a
spoof surface plasmon based antenna using metal stripes, which are coupled with the THz
wave and exhibit near-field enhancement effects [9-20]. A common sensing method using a
metamaterial is detecting the resonance shift caused by inducing a change in permittivity of
different material on the device [21-27]. This method offers a sensitive approach to molecular
detection by revealing the nondispersive component of the material permittivity, yet the
molecule vibrational spectroscopy information could not be revealed, which limits its
application.

In recent years, absorption-induced transparency (AIT) effect was discovered, which is
one of the family of induced transparencies [28, 29]. The most intriguing characteristic of
AIT is that the transmission peak, in the combined artificial device plus tested material
system, appears at the spectral position where the bare material under test presents resonant
absorption. This effect has been demonstrated in the optical frequency range using
arrangement metal holes [29] and dipolar rod antennas [30]. However, such effect is not well
explored in THz region yet. In this paper, we aim to elucidate enhanced extinction ratio of
detected signal for THz spectroscopy application using a simple gold split-ring resonator
(SRR) structure based on AIT effect. Not only could such method be used in the
nondispersive component of the material permittivity detection, more importantly, when the
SRR is tuned to couple with the vibrational mode using AIT effect, the molecule
spectroscopy information is revealed. Furthermore, the previous molecule vibrational
absorption dip could be transferred into the transmission peak of AIT, which enables larger
extinction ratio, hence higher sensitivity. The SRR structure is promising because it is easy to
tune the resonant frequency by changing the parameter of the structures. The polarization
control of incident wave enables selective excitation of resonances [31]. In a proof-of-
principle experiment, we successfully demonstrate metamaterial-enhanced THz spectroscopy
of the L-tartaric acid molecule deposited on SRR structures fabricated on a polyimide (PI)
substrate. Due to the low absorption in the THz region, the device is measured under low-
temperature condition. The results show that the extinction ratio of detected signal can be
significantly improved from 1.75 dB to 4.5 dB. This clearly shows the higher sensitivity of
this method for the detection of molecules which have the vibrational fingerprints mainly in
the THz region. The numerical calculations confirm and explain the experimental
observations. We discussed the mechanism by which AIT effect was induced from the
viewpoint of the light-matter coupling between the SRR and molecular/intermolecular
vibrational modes. When the SRR and molecular vibrational resonance frequencies are
closely aligned, a clear mode splitting is observed resulting in a transparency transmission.
This kind of resonance shape is easier to identify. Our method can reveal vibrational
information of detected material with higher sensitivity and lower system complexity. The
results demonstrate the use of THz vibrational sensing for molecules and offer an opportunity
to widen the application of THz metamaterials.

2. Device design and fabrication

Schematic presentation of the experiments is shown in Fig. 1(a). We measured the change in
spectra of the THz radiation transmitted through the metamaterials following the deposition
of L-tartaric acid. The metamaterials consist of metallic arrays of a square SRR with a gap at
the center. Here, the resonance of the transmission is determined by the capacitance (C) of the
gap structure and the inductance (L) associated with the shape of the square SRR. The L-
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tartaric acid placed on the SRR will cause a near-field coupling, resulting in the spectral
change of the resonance in metamaterials. In the coupled system, the resonance mode
originates from the SRR, which is induced by the incident wave. Then, the vibrational mode
in the L-tartaric acid molecule is coupled with the SRR through near-field coupling, leading
to resonance mode hybridization, which is reflected in clear splitting of the fundamental
resonances. Therefore, the interference forms a typical AIT system and results in the
changing of resonance shape. The device is measured under low-temperature condition of
100K.

Figure 1(b) shows the optical image of the metamaterial with L-tartaric acid deposited on
top. The geometric parameters of the optimized unit cell are shown in Fig. 1(c), which are
illustrated as follows: all the SRRs are square and the length of their sides is # = 54 pm, the
width of metallic arm is w = 6 um, the size of all the gaps is g = 5 um. To form a
metamaterial structure, the period is P = 60 pm. The total sample array has a footprint of 15
mm x 15 mm = 225 mm’. The metamaterial sample was fabricated using a surface
micromachining process on a polyimide (PI) substrate with thickness of £ = 25 pm. A 100
nm-thick gold (Au) with 10 nm of titanium (Ti) film was E-beam evaporated to create the
metal film on the substrate. Lift-off of the photoresist was achieved by rinsing in acetone for
several minutes and the metal SRRs were formed on the surface of the polyimide. The L-
tartaric acid is first dissolved in the alcohol and then dropped on the metamaterial sample, so
that it is coated on the metamaterial sample after the alcohol evaporates completely. The
thickness of L-tartaric acid film is ~15 pm, which is measured by a stylus profiler.

Nl Mirror
Emitter Detector
Analysis Metamaterial
layer y 4
»

AN /

(a) ¥y . Mirror

Fig. 1. Schematic illustration of (a) the experiment setup, (b) optical image of the metamaterial
with L-tartaric acid deposited on it, and (c) the SRR unit cell.

3. Results and discussions

A conventional THz time-domain spectroscopy system was constructed for the measurement
of the extinction spectrum in the THz frequency region with a 9.5 GHz spectral resolution. A
femtosecond laser is incident on the photoconductive antenna which emits a linearly polarized
THz pulse. The THz radiation from the emitter was collected and focused on the sample with
~1 cm spot diameter by parabolic mirrors. Time traces of the transmitted THz electric field
both in amplitude and phase were measured by varying the time delay between the probe
beam and the THz pulse. By Fourier transforming the time—domain signal, the amplitude
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spectra were obtained. The extinction spectrum was obtained by recording two spectra of the
light transmitted through the sample and through a substrate as a reference. Figure 2(a)
presents the simulated transmittance spectra of the SRR metamaterial with the x-polarized
illumination. The incident electromagnetic wave propagation was normal to the metamaterial.
The simulation was performed by solving Maxwell’s equations based on the finite element
method (FEM). Periodic boundary conditions were used in the x- and y-directions for
simulating an infinite array and port boundary conditions are applied on the top and bottom.
The permittivity of the PI substrate was g, = 3.5 + 0.01i and the electrical conductivity of
gold is4.561x10"S /m . The transmittance of the device shows a resonance at 1.14 THz.
Figure 2(b) shows the measured transmittance of the fabricated metamaterial with the split
gap aligned perpendicular to the electric field of incident wave (x-polarized illumination). The
discrepancy between the simulated and measured resonances might be due to differences in
the SRR structure parameters arising from random fabrication errors.
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Fig. 2. (a) Simulated transmittance spectra of the SRR metamaterial. (b) Measured
transmittance spectra of the fabricated SRR metamaterial.

The pellet under-test was formed by pressing 175 milligrams L-tartaric acid powder. The
thickness of pellet is 0.85 mm and its diameter is 13 mm. The absorption spectra of the
sample were measured, as shown in Fig. 3. The spectral position and features of the L-tartaric
acid signal presented here is close to those described in ref [32]. A blank PI with the identical
thickness of the metamaterial was used as a reference, as shown in Fig. 4(a) by the dark-dash
curve. The amplitude transmission spectra of 15 pm-thick L-tartaric acid coated on a PI
substrate was measured at the temperature of 100 K, which is shown in Fig. 4(a) by the red-
dot line. The result shows that a thin layer of L-tartaric acid on the PI substrate displays a
weak, broad, and negligibly small signal at the frequency of interest. The blue-solid and
green-dash-dot curves present the amplitude transmission of SRR metamaterial with and
without 15 um-thick L-tartaric acid, respectively. There is a clear change of resonance shape.
To better reveal and analyze the data, we normalized the transmission as shown in Fig. 4(b).
There is a vibrational signal located at 1.035 THz, which is close to bulky pellet samples
(1.09 THz). There is a small difference of the vibrational spectra position, since the
measurement temperature is reduced from 298 K to 100K to increase the absorption signal of
the thin layer of L-tartaric acid. The extinction ratio is the ratio of maximum to minimum
transmission power around the resonance, which is defined as 1010g10 (Phigh/Piow) [31]. The
extinction ratio of the absorption dip is 1.75 dB, as shown in Fig. 4(b) by the dash-blue curve,
while the extinction ratio of the transmission peak of AIT is 4.5 dB by the dot-red curve. The
sensitivity of detected signal could be characterized by extinction ratio per thickness of
material layer. The sensitivity of our method is 0.3 dB/ pm, which is much higher than that of
15 um-thick L-tartaric acid absorption layer (~0.117 dB/ um). Hence, such coupling system
of the thin layer of L-tartaric acid on the metamaterial exhibits two improved features: the
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extinction ratio of detected signal is strongly enhanced at the identical frequency (from 1.75
dB to 4.5 dB), and there is AIT spectral caused by coupling between the molecular vibration
and the electromagnetic resonance of the metamaterial.
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Fig. 3. Absorption spectra of L-tartaric acids.
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Fig. 4. (a) Frequency-domain transmission spectra of reference and samples. (b) Normalized
transmission spectra of samples.

To reveal the underlying mechanism of higher sensitivity and near field coupling
characteristics of the L-tartaric acid covered metamaterial sample, we analyzed the

dependence of this transmission spectrum. The absorber was modeled as a Lorentz oscillator
with permittivity:

2
Eor =‘9inf_# (1.1
ff=fo+i-f-r
where ¢, denotes the off-resonance background permittivity of L-tartaric acid. f, is the
resonance frequency of the transition (absorption peak on the spectral position). I is the
damping factor. Ae is the absorption strength. We obtained the resonance frequency
/.=1.035 THz from spectroscopic measurements of L-tartaric acid thin film on the PI
substrate. From the spectral width of the absorption line we deduced a damping factor of the
resonance I',=170.085 GHz. The absorption strength is fitted to Ae=0.168 . The simulation
transmission spectrum of L-tartaric acid thin film on the metamaterial is shown in Fig. 5(a).
The period of metamaterial is defined as P = 60 pum. The SRR resonance is then tuned by



Research Article Vol. 8, No. 1| 1 Jan 2018 | OPTICAL MATERIALS EXPRESS 134

dlSSEXPRESS

o

varying the length of SRRs’ sides (%). It can also be tuned by varying the gap of SRRs’ [33].
As shown in the graph, when the metamaterial resonances are larger than 1.035 THz, the
absorption dips appear as red shift; on the other hand, when the metamaterial modes are
smaller than 1.035 THz, the dips show blue shift. Such result demonstrates that the spectral
shift of the absorption dip is strongly dependent on the spectral position of the metamaterial
resonance mode. When the metamaterial and vibrational resonance frequencies are closely
aligned, a clear splitting could be observed (brown curve). For each sample, we plot the
frequencies of the two dips that result from the interaction between the metamaterial
resonance and the vibrational mode against the frequency of the bare metamaterial’s initial
resonance. The result is shown in Fig. 5(b) as the triangulars and circles. The horizontal pink
solid line gives the frequency of the L-tartaric acid band at 1.035 THz, while the blue dashed
line is slope = 1, corresponding to the bare metamaterial’s resonance frequency. The dark
dashed line has a shifted slope to account for the red shifting of the SRR resonance due to the
nondispersive component of the L-tartaric acid permittivity, corresponding to &, ;. When

detuned from the absorption band, the absorption minima lie at their respective original
(noninteracting) positions along the dashed lines. By tuning the resonance frequency of the
SRR mode toward that of the absorption band at 1.035 THz, the interaction between the two
modes is significantly increased, hence a characteristic mode splitting and anticrossing is
observed. As shown in Fig. 5(a), the extinction ratio is also increased with higher interaction
strength between the two modes. Similar effects have been found in association with
plasmon-exciton coupling in J-aggregate-coated systems at mid-IR [34] and visible
frequencies [35, 36]. This enhancement is maximized when the SRR and vibrational
resonance are closely aligned. When the clear splitting is observed, the transmission at the
SRR resonance dip shows an intense new transmission, resulting in the AIT effect.
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Fig. 5. Coupling between SRR and vibrational modes. (a) Normalized transmission spectra of
metamaterial sample coated with L-tartaric acid, which is tuned by varying A. (b) Local
minima positions extracted from transmission, plotted against the bare SRR sample’s resonant
frequencies.

4. Conclusion

In summary, we proposed and experimentally demonstrated that a THz metamaterial with an
appropriate design exhibits the molecular vibrational spectroscopy enhancement ability. We
show that it can improve the extinction ratio of detected signal from 1.75 dB to 4.5 dB at the
resonant frequency. Numerical simulation results indicate that coupling and interference
between the electromagnetic resonances in the metamaterial and the molecular vibration are
the main mechanisms of signal detection. The present metamaterial-enhanced spectroscopy
may be of special use because it offers a simple approach to nondestructively and high-
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sensitivity detecting molecules, which creates a new avenue for adopting THz thin film
sensing for industrial applications.
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