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Abstract: We give a brief review of the developments in terahertz time-domain spectroscopy (THz-TDS) systems and micro-
cavity components for probing samples in the University of Shanghai for Science and Technology. The broadband terahertz (THz)
radiation sources based on GaAs m-i-n diodes have been investigated by applying high electric fields. Then, the free space
THz-TDS and fiber-coupled THz-TDS systems produced in our lab and their applications in drug/cancer detection are introduced
in detail. To further improve the signal-to-noise ratio (SNR) and enhance sensitivity, we introduce three general micro-cavity
approaches to achieve tiny-volume sample detection, summarizing our previous results about their characteristics, performance,

and potential applications.
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1 Introduction

With the development and blossoming of ap-
plications of terahertz (THz) technology, huge poten-
tial applications in different fields have been found
and realized (Libon et al., 2000; Ferguson et al., 2002;
Siegel, 2002; Wu et al., 2003; Biber et al., 2004; He
et al., 2012; Zang et al., 2015), such as biological
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imaging, material detection, next generation com-
munication, medical spectroscopy, and pollution di-
agnostics (Federici and Moeller, 2010; Wang et al.,
2014, 2015). Recently, THz-TDS has been attracting
wide interest. THz-TDS uses short pulses of broad-
band THz radiation excited by a femtosecond laser
and the effective time sampling technique to acquire
spectral information in the THz band. This generation
method has been built from an attempt by Auston in
the 1980s (Auston DN et al., 1984; Fattinger and
Grischkowsky, 1988). Historically, freely propagat-
ing THz signals are detected under photoconductive
antennas (PCAs) (Auston DH et al., 1984; DeFonzo et
al., 1987) or far infrared interferometric techniques
using incoherent detectors such as bolometers (Jones,
1947; Johnson et al., 1980). However, developments
in the THz field have been restricted by the need for
efficient broadband THz sources (Hangyo et al.,
2006). In recent years, THz science and technology
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has seen rapid development in China. The THz la-
boratory in the University of Shanghai for Science
and Technology (USST), as a specially established
THz research laboratory, has developed the systems
and technology for THz spectroscopy. The laboratory
has realized THz broadband sources, conventional
THz-TDS and fiber-coupled THz-TDS systems for
probing the unique spectral signatures of samples in
the THz range. However, traditional THz-TDS are
heavily challenged when the amount of samples is
tiny, as is often the case in biological or dangerous
samples. In this review, first, a broadband THz-TDS
system designed and built in USST is introduced in
detail. In this system, we use a GaAs m-i-n diode as
the THz emitter (Zhu et al., 2008a), whose spectral
range can reach 4 THz. The scan speed of the system
can be 10 scans/s. A typical setup using the elec-
tro-optic (EO) sampling THz detection technique
(Ferguson and Zhang, 2002) is also introduced in
detail. Then, a compact and portable fiber-coupled
THz-TDS system has also been successfully pro-
duced. Main features of this system are as follows:
scanning speed: 0.1 s/scan; SNR<70 dB; spectrum

width>3.5 THz; volume<50 cmx40 cmx30 cm; weight:

~5 kg. Based on these THz measurement platforms, a
typical application for THz spectroscopy is to identify
anti-diabetic drugs and 2-hydroxyglutaric acid diso-
dium salt (2HG) (Du et al., 2012; Chen WQ et al.,
2017). Finally, to overcome the disadvantage of
THz-TDS and increase detection sensitivity, three
typical high quality (Q) micro-cavity devices are
investigated: subwavelength metal holes array (Chen
et al., 2013a), waveguide cavities, and whisper gal-
lery (WG) mode based on spoof localized surface
plasmons (LSPs) (Chen L et al., 2017). Their per-
formance and applications are also analyzed. The
results in this review indicate that although THz
spectroscopy can identify the unique footprints of
some spectral molecular structures, high O micro-
cavity devices can solve tiny-volume sample probing
with high signal-to-noise ratios (SNR) and sensitivity.

2 THz-TDS based on GaAs m-i-n diode
2.1 Broadband THz source in GaAs m-i-n diode

Traditionally, THz radiation from a PCA uses the
low-temperature growth of gallium arsenide due to
the annihilation of photo-generated carriers in the

defect, resulting in dramatic changes in photocurrent
and generation of THz electromagnetic waves (Kat-
zenellenbogen and Grischkowsky, 1991). The THz
wave generated by this method is generally only
about 2.5 THz when the output power is above 1% of
the peak power. THz generation can also be achieved
by Cherenkov difference frequency generation in a
lithium niobate waveguide (Staus et al., 2008; Bodrov
et al., 2009), which has high nonlinearity/damage
threshold/transparency and small multi-photon ab-
sorption. Using the Cherenkov radiation method
(Auston DN et al., 1984), phase matching is auto-
matically satisfied at a certain angle with respect to
the laser path during propagation. Moreover, as radi-
ation in a lateral direction, the trace of the THz wave
inside the lithium niobate is short, resulting in low
absorption. The THz generation by Cherenkov dif-
ference frequency generation in a lithium niobate
waveguide enables extension of the frequency range
up to 6 THz (Consolino et al., 2012; Carbajo et al.,
2015).

Here, we propose pure intrinsic gallium arsenide
as the core layer of the device, which is able to with-
stand ultra-high electric fields (up to 300 kV/cm),
making the electrons able to be accelerated. Accord-
ing to Maxwell’s equation, the THz intensity radiated
from the device is proportional to the carrier acceler-
ation, and the THz source radiation spectrum width
can be extended to ~4 THz with a conversion
efficiency higher than 1.5%.

Fig. 1a shows the broadband GaAs m-i-n ge-
ometry. The thickness of the intrinsic GaAs layer is
1 pm. We deposited/annealed AuGeNi on the back
side of the sample to achieve ohmic contact (Zhao et
al., 2002). Another semitransparent NiCr Schottky
film contact was fabricated/deposited on the front
side. Thus, a direct current electric field can be ap-
plied to the intrinsic GaAs layer. The size of the
source is 1.5 mmx1 mm.

The performance of this THz source is measured
by the free space EO sampling technique, which can
obtain time-domain waveforms related to THz am-
plitude emitted from the samples (Wu and Zhang,
1997a; Planken et al., 2001). The EO detector is a
ZnTe crystal with a thickness of 1 um (spectral
bandwidth ~4 THz) (Wu and Zhang, 1997b;
Leitenstorfer et al., 1999).

Fig. 2 shows the temporal waveforms of the THz
amplitude emitted from the m-i-n diode.
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Fig. 1 Cross sections of the GaAs m-i-n diode (a) and
image of the sample mount (b)

The m-i-n diode had a metal-intrinsic-n type semiconductor
(m-i-n) geometry with a 1-um thick intrinsic GaAs layer.
Ohmic contacts were fabricated by depositing and annealing
AuGeNi alloy on the back side of the samples. A semi-
transparent NiCr Schottky film was deposited on the surfaces
to apply DC electric fields to the intrinsic GaAs layer
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Fig. 2 Time-domain waveforms of THz amplitude emitted
from the m-i-n diode

The acceleration of electrons in bulk GaAs occurs when the
electrical field is added. The initial positive part of the THz
pulse corresponds to ballistic acceleration of electrons in the I'
valley and the subsequent sudden dip of the THz pulse ex-
presses deceleration due to intervalley transfer from the I'
valley to the satellite valleys at 300 K. Reprinted from Zhu
et al. (2008b), Copyright 2008, with permission from Applied
Physics Letters

According to the Maxwell equations, the THz
electric field (Etm,) in Fig. 2 is given by (Zhu et al.,
2008b)

ov
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THz 6t
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From Fig. 2, the leading edge of THz waveform
comes from the duration of the femtosecond pulses
and the spectral bandwidth of the ZnTe detector. The
Ern illustrates features of an initial positive peak and
a subsequent negative dip due to the velocity over-
shoot (Leitenstorfer et al., 2000). The initial positive
peak and the subsequent negative dip have been re-
garded as electron acceleration in the I' valley and
electron deceleration from inter-valley transfer, re-
spectively. By increasing the electric field, Ery, in-
creases more abruptly. The THz emission spectra
extend up to ~4 THz (Fig. 3). As we can see, the
bandwidth of the spectrum of the emitted THz trace of
the LTG-GaAs based PCA (FAST-SCAN THZ
SPECTROSCOPY KIT) is 2.5 THz (https://ekspla.
com/). However, in Fig. 3, the bandwidth of THz
power of the GaAs antenna is larger than 4 THz, and
the peak frequency is around 1.5 THz. Note that the
ultrahigh voltage can be added on the intrinsic layer
of GaAs. According to Maxwell’s theory, Etu: oc
H(EOn/Ot+nOE/0f), where u is the carrier mobility, E is
the applied electric field, and # is the average carrier
density in the sample generated by the femtosecond
pump laser pulses. For the intrinsic GaAs material,
the number of carriers after the laser irradiated is
almost a constant, and the effect of uEon/ot can be
ignored. Large mobility and acceleration of electrons
result in large THz power.
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Fig. 3 THz spectra obtained from time-domain THz traces
The noise floor (0.01), intensity dynamic range (0.53), and
frequency range (4 THz) have also been listed. References to
color refer to the online version of this figure
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2.2 THz-TDS systems and their applications

THz-TDS provides a powerful tool for deter-
mination of many materials at THz frequencies. Fig. 4
shows the typical THz-TDS setup with EO sampling
measurements. The femtosecond laser pulse is split
into two parts: a strong pump light and a weak probe
light. The pump light illuminates the GaAs m-i-n
diode and radiates the THz beam. Then, the THz
beam is radiated on an EO ZnTe crystal. A delay line
is mechanically moved to vary the time-domain delay
between the THz/probe pulses. The Ety, can be
measured by scanning the time delay. The principle of
this sampling method is that THz signals are obtained
by sampling and using the femtosecond probe pulse.
To increase the SNR, the pump light passes through a
chopper with ~kHz modulation. The THz signal can
be extracted by a lock-in amplifier.

Based on the above principle, the THz Labora-
tory in USST has produced the THz drug analyzer
(Fig. 5). With the femtosecond laser, and a computer
together with our home-made software, this spec-
trometer can equip an ultrafast optical lab for ex-
tending into the research field of THz spectroscopy
with high cut-off frequency (3 THz). The THz drug
analyzer can acquire THz time-domain waveforms
within 100 ps. After Fourier transformation, the sys-
tem has a spectral resolution of 0.01 THz (10 GHz).
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Fig. 5 THz time-domain spectrometer developed in USST

As an example, anti-diabetic drugs have been meas-
ured by this system.

Figs. 6a and 6b show the THz time-domain
waveforms and the Fourier transformation of gliqui-
done, glipizide, gliclazide, glimepiride, respectively.
Their absorptions from 0.3 to 2.0 THz are plotted in
Fig. 7. Strong absorption peaks at ~1.37 THz have
been found for gliquidone, glipizide, gliclazide, and
glimepiride. This absorption peak agrees with the
vibration peak of the sulfonylurea group, indicating
that the absorption peak (1.37 THz) in all the sul-
fonylureas is attributed to the vibration of the sul-
fonylurea group.
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Fig. 6 Free space (reference) and anti-diabetic drugs in
the THz time domain (a) and THz frequency domain (b)
Reprinted from Du et al. (2012), Copyright 2012, with per-
mission from Applied Physics Letters
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Fig. 7 Experimental THz absorption spectra of gliqui-
done, glipizide, gliclazide, and glimepiride

Reprinted from Du et al. (2012), Copyright 2012, with per-
mission from Applied Physics Letters
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To make the system flexible and portable, the
fiber-coupled THz-TDS has also been developed
independently. It consists of three main parts: the
main unit (volume 40 cmx40 cmx20 cm, 220-V
mains connected all the way), hand-held probe
(connected to the host via a 1-m optical cable),
computer (connected to 220-V mains and the host via
USB cable, used as host control). The THz spec-
trometer occupies about 1 m” of the table area, and the
probe can move in a circular area with a radius of 1 m.
The THz spectrometer housing needs to be grounded.
The system components are displayed in Fig. 8.

Fig. 8 Main components to the fiber coupled time-domain
spectrometer in operation

The probe contains a THz transmitter and re-
ceiver. The THz wave emitted by the THz transmitter
is transmitted or reflected by the sample. The THz
wave carries the specific information of the sample
and is measured by the THz receiver and converted
into an analog time-domain signal and transmitted to
the host. Use of the m-i-n diode THz source comes
with independent intellectual property rights of the
USST. It has the characteristics of a wide spectrum
range and good stability of radiation signals. Main
features of this system are as follows: scanning speed,
0.1 s/scan; SNR<70 dB; spectrum width>3.5 THz;
volume<50 cmx40 cmx30 cm; weight: ~5 kg.

Next, we take the 2HG as an example. The THz
absorption spectra of L-2HG and D-2HG are shown
in Fig. 9. Their THz absorption spectra show small
different characteristics, which can be used to identify
L-2HG and D-2HG.
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Fig. 9 Absorption spectra of L-2HG (a) and D-2HG (b)
Reprinted from Chen WQ et al. (2017), Copyright 2017, with
permission from Springer Nature

3 THz micro-cavity devices and their appli-
cations in sensing

The technology of THz-TDS for biosensing is
used to identify the fingerprint spectrum or extract the
complex refractive index and absorption coefficient
from spectroscopy. The challenge in THz-TDS is that
samples should have enough volume to be sensed
(Pupeza et al., 2007). Then they can interact suffi-
ciently with the radiation. Samples with a tiny volume
have a weak interaction in conventional spectroscopy
configurations. The transmitted wave modifies less
when passing through it. Such small modification
cannot distinguish the sample from the reference
sample. The criterion that the sample cannot be dis-
tinguished from the reference is (O’Hara et al., 2008;
Withayachumnankul et al., 2014)

%lAn(a)) < \/%S (w), 2)

where / is the sample thickness, S(w) is the standard
phase deviation of the reference spectra, N is the
number of sample measurements, and An is the re-
fractive index difference between sample and refer-
ence. In addition, there are some other challenges
(dramatically enhanced THz power or random fluc-
tuations of the generated and detected THz waves
induced by inherent instabilities of the ultrafast laser)
which prevent improving SNR and a reduction of the
noise floor (Theuer et al., 2010a, 2010b). This chal-
lenge of THz-TDS is the main motivation for the
description of new sensing methods. In the following,
we will present several micro-cavity resonator
methods to improve SNR and enhance sensitivity (Lu
etal., 2011).

3.1 Metallic photonic crystal

Early in 1998, it was found that a subwavelength
metallic hole array structure exhibited an extraordi-
nary optical transmission feature at a certain wave-
length (Ebbesen et al., 1998). This unique phenom-
enon was interpreted quickly by surface plasmon (SP)
theory; i.e., the beam passing through the holes is
carried by exciting SPs (Ghaemi et al., 1998).
Miyamaru and Hangyo (2004) transferred this con-
cept to the THz range. Here such extraordinary opti-
cal transmission was achieved by a metallic photonic
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crystal (PC) with a thickness of the subwavelength
scale (Miyamaru et al., 2006). The momentum
matching condition between SPs and in-plane inci-
dent waves in a metallic PC is sensitive to a change in
the dielectric on the surface and can be implemented
for THz sensing (Qu et al., 2004). In this section, we
discuss the performance of this extraordinary optical
transmission and its application in sensing. The photo
and geometrical structure of an aluminum PC slab are
shown in Fig. 10. A triangular array with circular air
holes is arranged on the PC slab with 250-pm thick-
ness. The area of the sample is 50 mmx50 mm. The
size of a single hole is as follows: 0.7 mm diameter, a
pitch of a hexagonal lattice s=1.13 mm. The number
of holes is larger than 5000 to avoid the finite size
effect (Xu et al., 2013a). In the THz range, an SP at a
metal interface is weakly localized and most of the
energy of the surface plasmon polariton modes comes
from electromagnetic waves localized at the air side.
The designed structure acts as a 2D grating that can
add momentum to incident light in both the in-plane
and out-of-plane directions.

Fig. 10 A photo of the aluminum PC plate
The proposed metallic PC slab consisted of a triangle array of
circle air holes on a =250-um thick, 50x50-mm rectangular
aluminum plate. The circle air holes had a diameter of
d=0.7 mm, and they are arranged on a hexagonal lattice with a
pitch of p=1.13 mm. A collimated p-polarized (along the x
axis) THz wave was irradiated on the metallic PC

The extraordinary optical transmission was
measured using the THz-TDS system mentioned
above. A signal without the sample was used as a
reference for our measurements.

Fig. 11 shows the results at normal incidence.
The time-domain signal experienced obvious attenu-
ating oscillation, indicating strong interaction be-
tween the THz waves and the weak surface plasmon

polaritons on the designed surface. Their Fourier
transformation (frequency-domain spectra) is shown
in Fig. 11b. There exists a resonant peak (0.265 THz),
resulting from the fundamental mode of metallic PC.
Here the periodical structure is constructed on the
metal surface, so the dispersion curve can satisfy the
coupling of the incident electromagnetic wave with
the surface mode.
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Fig. 11 Incident and transmitted THz waveform of MHAs
at normal incidence in the time domain (a) and corre-
sponding spectra in the frequency domain (b)

References to color refer to the online version of this figure.
Reprinted from Chen et al. (2013a), Copyright 2013, with
permission from Springer Nature

Next, we discuss the detection of monohydric
alcohol solvents using a metallic PC. As is well
known, alcohols have widespread applications as
solvents in chemistry and the pharmaceutical industry
and are regarded as a model for investigation of hy-
drogen bonded networks. The chemical structures of
methanol, ethanol, 1-propanol, and 1-butanol are
shown in Fig. 12. These structures are composed of
different numbers of hydroxyl groups (-OH) with
carbon atoms of the alkyl group. The frequency-
dependent absorption coefficients (o) and refractive
indices (n) of the monohydric alcohols gradually
decline from the methanol to 1-butanol (Yomogida et
al., 2010; Markelz, 2008). The THz absorption spec-
tra of the monohydric alcohols present a monotonic
rising feature and the absorption intensities decrease
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Fig. 12 Left to right: methanol, ethanol, 1-propanol, and
1-butanol

The positions of hydroxyl groups and structures of carbon
chains are different from each other and affect the formation
of hydrogen bonds in the liquid. This leads to the differences
among the absorption coefficients and refractive indices of
monohydric alcohols

with increasing length of the alkyl group. The THz
absorption intensity always depends on the polarity of
the liquid. The greater the polarity, the stronger the
absorption in the THz range (Su, 2014). Also, a lot of
research has been done on liquids such as alcohol
series, and particularly on the complex permittivity of
alcohols (Bertero et al., 2011). Here, we introduced
the metallic PC to act as a new type of sensor. The
sheet metal with micro-holes array can identify dif-
ferent monohydric alcohol solvents to the shift of
resonant peaks in the frequency domain. This can be
more easily recognized by the TDS system.

In the experiment, methanol (>99.5%), ethanol
(>99.7%), 1-propanol (>99%), and 1-butanol (>99.5%)
were obtained from the Shanghai Sinopharm Chem-
ical Reagent Co., Ltd. The metallic PC was placed in
the middle of a quartz case box composed of two
parallel, 0.4-mm spaced windows. The array was
immersed in the liquid samples and the transmission
spectra was obtained by THz-TDS. The monohydric
alcohols in the cell without the array were measured
as the reference. The transmission is defined as |#(w)|=
|Eout(@)/Ein(®)|, where w is an angular frequency, and
Eout (0) and Ein(w) are the frequency-dependent am-
plitudes of the THz pulses transmitted through the
sample and reference, respectively (Dorney et al.,
2001).

The monohydric alcohols have different reso-
nance frequencies from each other (Fig. 13). With the
increase of the length of the alkyl group, the reso-
nance frequencies show blueshift, resulting from the
decrease of the refractive index. In addition, the
transmission increases with the increase of the length
of the alkyl group. This is because of the decrease of
the absorption coefficient.

Compared to the traditional THz-TDS method,
the sheet metal with micro-hole array can change the
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Fig. 13 Measured transmission through metal holes array
immersed in monohydric alcohols (a) and transmission
and resonance frequencies of monohydric alcohols (b)
References to color refer to the online version of this figure

slight difference of absorptions to the shift of resonant
peaks in the frequency domain, and this can be more
easily and obviously recognized by the THz-TDS
system. It is a potential approach for distinguishing
the class or species of chemicals. Further experi-
mental and theoretical results demonstrate that the
resonant peak of excitation of surface waves splits
into two when it transmits to the arrays off-normally
(Chen et al., 2013D).

3.2 Parallel plate waveguide cavities

The limitation of a metallic PC for sensing is its
semi-open geometry, which is not suitable for flow
monitoring. We describe a THz parallel-plate wave-
guide (PPWG) with a resonator to solve this problem.
The PPWG is analogous to metal-dielectric-metal
structures in the visible region (Chen et al., 2007).
Mendis et al. (2009) studied a resonant cavity in one
metallic plate through adding a stub (groove) across
the plate. The device detects the existence of the
sample by changing its refractive index to the induc-
tion of the guiding mode. A transverse electric (TE)
mode is used to excite the cavity mode.

The single cavity in PPWG shows a high Q
resonant feature in the transmission spectrum. Here,
we report an observation of an electromagnetically
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induced transparency (EIT)-like appearance in PPWG
with two cavities, and the relationship between the
deviated position of the cavities and the transmission
features was analyzed. The two cavities have identical
geometry (Fig. 14). We find that the EIT-like effect
found here is the result of resonant hybridization
caused by changes in the coupling strength of the top
and bottom cavities (Chen et al., 2013c). We also find
that the phase shift between two grooves is another
key factor in achieving EIT. The resonance dip at low
frequency shows a high Q feature. Actually, a plas-
monic analogue of electromagnetic induced trans-
parency has also been reported by taking dissimilar
(different depth) cavities on two plates while L could
remain zero (Huang et al., 2011).

As shown in Fig. 14, the system includes two
aluminum plates, each of which has a micro fabrica-
tion rectangle groove with the same size of 470-um
width and 420-um depth. The symmetrical and
asymmetrical configurations are achieved by chang-
ing the bottom cavity movement length L from 0 to
300 pm. S indicates the gap of the waveguide. The
THz-TDS system with the spectrum resolution of
4.58 GHz is used. The gap between two plates, S, is
fixed at 650 um. The PPWG without any cavity acts
as reference.
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Fig. 14 A general view of PPWG with two cavities
All cavities have identical geometry with width w=470 pm and
depth #=420 pm. S, length of the plates; L, shifting length
between two grooves. THz radiation is polarized parallel to the
plates to excite TE modes

Fig. 15 shows the power transmission with sev-
eral shifts L. For the symmetric case (L=0 um), one
symmetric dip is found at 0.417 THz. For L=100 um,
a new dip at 0.354 THz occurs. When the shift is
increased to 200 um, the lower resonant frequency
exhibits blue shift and the high resonant dip red shift.
A transparent window at ~0.36 THz is an EIT-like
profile. When the shift is further increased (L=
300 um), two resonance frequencies get closer and

the transmission window becomes narrow and low.
The experimental data fits well with numerical cal-
culations in Fig. 15.

1.0 PO
e _--7l Y \'|
A S I

0.8 7\ :f"\‘\:'/:"x. Fodlt B
0.6 VoA [ "'/ *""1 /
04 V1 !
0.2 i |
0.0f(a)

Power transmission

|‘__-";:' -_ I .'5;::
08" 4 [we ™, SR

[ \ I X % a 1
06/ 1./ \| h ‘[ ;
04 | [\ A
0.2 1y
00lc) V V (@ V

030 035 040

045 030 035 040
Freguency (THz)

045 0.50

Fig. 15 Power transmission of waveguide cavities system
Solid line: simulation results; dash line and dots: experimental
results. (a), (b), (c), and (d) stand for L=0, 100, 200, and 300
um, respectively

The influence of the gap S is also investigated
(Chen et al., 2013c). Here, we set S to 610, 670, 740,
and 780 um, respectively, and these were used to
study the characteristics of the EIT. Fig. 16 shows the
power transmission with different S. The spectra
show obvious EIT phenomena when S varies from
610 to 670 um. When S is increased to 740 and 780
um, the symmetric dip degenerates as in Figs. 16c and
16d. The measurement results agree well with the
simulation ones (Chen et al., 2014b).

Power transmission

0-%.30 035 040 045 030 035 040 045 050
Freguency (THz)

Fig. 16 Experimental spectra with several gaps
Solid line: simulation results; dots: experimental results. (a),
(b), (c), and (d) stand for S=610, 670, 740, and 780 um, re-
spectively. Reprinted from Chen et al. (2013c), Copyright
2013, with permission from Applied Physics Letters
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Fig. 17 shows the transmission map by changing
frequency and waveguide gap (1/S). 1/S of 1.64, 1.49,
1.35,and 1.28 mm ' represent S of 610, 670, 740, and
780 um in the experiment, respectively. With a fixed
moving length L (200 um), as the symmetric resonant
wavelength is less than S, the electromagnetic wave
propagates along a “zigzag line” and acts as a guided
wave. The cavities produce little influence on the
transmission. Here the increase of S converts the
Fabry-Perot resonance into a guided wave. Since the
EIT transparent peak between two resonances comes
from the destructive interference of symmetric and
asymmetric resonances, as the transition of symmet-
ric Fabry-Perot resonance takes place, this interfer-
ence is broken and an on-to-off EIT peak modulation
can be achieved in this process.
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Fig. 17 Transmission map with different S (L=200 pm)
Reprinted from Chen et al. (2013c), Copyright 2013, with
permission from Applied Physics Letters

Finally, we show some numerical simulation
taking into account different samples and a fixed
configuration of the parameters L (50 um) and S
(650 um). The principle of the proposed structure as a
microfluidic sensor is based on the response of the
resonant frequency (asymmetrical mode) to the
presence of a sample filling the bottom grooves.

The transmission spectra are numerically calcu-
lated using the finite element method (FEM) of
COMSOL Multiphysics. Fig. 18 plots the resonance
frequency shift for the various samples (the refractive
index n changes from 1 to 1.3). As we can see, there is
a significant red-shift in the transmission dip as the
refractive index increases. The sensitivity can achieve
141.43 GHz/RIU. In Fig. 18, it is interesting that the
asymmetry induced by refractive index difference in

two grooves (see electric field patterns in Fig. 19) can
increase the full-width at half-maximum (FWHM) of
the resonance dip, resulting in a low Q feature.

Next, we evaluate the figure of merit (FOM) for
PPWG. The value of FOM can be calculated by
FOM=S/FWHM, where S is the sensitivity and can be
defined as the ratio of resonance frequency variation
0f to the change in the refractive index of sample on.
FWHM can be determined by calculating the full
width at half maximum of the resonance peak/dip.
The FOM with respect to the resonance frequency
(corresponding to different materials) is shown in
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Fig. 18 Transmission with different refractive indices for
different frequencies around lower resonance dip

The sample is filled into the cavity embedded in the bottom
plate. References to color refer to the online version of this
figure
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Fig. 19 Simulated electric field patterns for asymmetrical
mode at resonance

The refractive index difference of samples in top and bottom
grooves leads to another asymmetry, which decreases the
energy of the asymmetrical mode, resulting in large FWHM
of the resonance dip. References to color refer to the online
version of this figure
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Fig. 20. The changes of FOM with different frequen-
cies originally come from the FWHM of a different
resonance dip. The higher the asymmetry (induced by
different samples in two grooves) is, the broader the
FWHM is, and the higher the FOM is.
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Fig. 20 FOM of the proposed PPWG cavities with L=
50 pm and d=650 pm

3.3 Whisper gallery mode micro-cavity induced
by spoof localized surface plasmons

PPWG is a bulk platform that is difficult to in-
tegrate. Here we introduce an on-chip WG mode
micro-cavity induced by spoof localized surface
plasmons (LSPs). This is easily integrated. LSPs are
usually excited around the particles of nano scale in
the visible/near infrared regions. When the frequency
shifts to a lower range, metals at these frequencies
show high conduction properties, which causes weak
interaction. Instead, a periodic textured metallic disk
structure is designed to support spoof LSPs at lower
frequencies (Por et al., 2012; Shen and Cui, 2014).
Such spoof LSPs show WG mode characteristics,
which benefit biosensing by exciting multipolar res-
onances of the hybrid materials, exhibiting high Q
values. We investigate the transmission properties of
a mixed spoof LSPs structure which consisted of one
closed corrugated metallic disk (CMD) and one
C-shaped resonator (CSR) structure (Chen L et al.,
2017). Fig. 21 (inset) depicts the schematic of the
closed CMD and CSR hybrid structure. The angle of
the CSR @ is 60°. The inner radii and width of the
CSR are R=160 pm and w=10 pm, respectively. This
means the gap between disk and cap is 10 pm. Fig. 21
shows that obvious multipolar resonances (noted as
C1-C5) can be observed theoretically and most of

these resonances (C1-C4) are observed experimentally.
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Fig. 21 Theoretical (a) and experimental (b) transmission
spectra of cap coupled corrugated texturing closed disk;
(c) electric field of multipolar resonances shown as dipole
(C1), quadrupole (C2), hexapole (C3), octopole (C4), and
decapole (C5) modes

The bright LSP mode supported by single CSR structure
results in the resonance (M). The angle of the C-shaped res-
onator 6 is 60°. The inner radii and width of the CSR are R=
160 pm and w=10 pm, respectively. The gap between disk
and cap is 10 um. The terahertz wave with electric field par-
allel to the CSR arc illuminates the sample at normal inci-
dence. References to color refer to the online version of this
figure. Reprinted from Chen et al. (2016), Copyright 2016,
with permission from Springer Nature

The resonance (noted as M) is caused by the bright
LSPs excited by CSR. The electric fields corre-
sponding to dips C1-C5 are plotted in Fig. 21c. The
CSR is resonant as an LSP mode M, and the disk
exhibits multipolar modes, which are consistent with
the spoof LSPs modes of a disk. The dark multipole
modes from closed CMD are excited by the LSP
produced at the CSR. In our system, there is only one
dark disk and the dark multiple resonances are in-
duced to be resonant as multipolar modes with spoof
LSPs.

The highest-order resonances of spoof LSPs
approximate the corresponding asymptote frequen-
cies of LSP. Then, theoretically multipolar resonance
can be excited as its resonance frequency is lower
than the asymptote frequency in the dispersion curve.
However, the resonance frequency of CSR plays an
important role in exciting multipolar resonance. If the
resonance frequency of CSR is far away from the
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asymptote frequency of the structure, high-order
resonances can hardly be efficiently excited. While
the resonance frequency of CSR overlaps the as-
ymptote frequency of structure, there is interaction
between spoof LSP modes and the CSR mode. Ac-
cording to Fig. 21, the highest-order dipole is de-
capolar. Because the intensity of the highest-order
spoof LSPs is weaker when the spoof LSP resonance
frequency is near the asymptote frequency, such a
highest-order resonance can hardly be observed be-
cause of the additional loss from polyimide loss and
the fabrication error.

In addition, we propose the geometry of defec-
tive CMD with outer radius R=150 pm, inner radius
r=60 pm, number of radical metallic grooves N=36,
periodicity d=2mR/N, air-filled ratio o=a/d=0.4,
22-um thick mylar substrate, thickness of the alumi-
num film =200 nm, period of the unit cell 360 pm,
and defective angle 6=14° (Fig. 22). The wave is
incident with E-field polarized perpendicular to the
defect. We use conventional lithography to fabricate
the defective CMD. The meta-atom array chip has a
size of 10 mmx=10 mm. A blank mylar identical to the
one on which the defective CMDs were fabricated
was used as a reference (Chen L et al., 2017).

Simulation

L

Amplitude transmission (dB)

Experiment

L L ” L L I L

01 02 03 04 05 06 07
Frequency (THz)

Fig. 22 Theoretical (a) and experimental (b) transmission
spectra of defective CMD with #=14°; (c) electric field of
modes D1, D2, D3, and D4 with defective angle 6=14°

The inset depict shows schematics and microscopic image of
the defective CMD with =60 pm, R=150 pm, N=36, d=
27tR/N, a=0.4d, 6=14°. The thicknesses of mylar substrate and
aluminum film are 22 and 200 nm, respectively. The period of
the unit cell is 360 pum. The THz wave with E-field polarized
perpendicular to the defective wedge-shaped slice normally
transmits through the sample. Reprinted from Chen L et al.
(2017), Copyright 2017, with permission from John Wiley &
Sons

The sample is measured using a confocal photo-
conductive-based 8/ THz TDS system (Grischkowsky
et al., 1990). Fig. 22 shows the transmission spectra
results and electric field maps at di- (D1), quadru-
(D2), hexa- (D3), and decapole (D4) resonance
modes. The excitation of dark multipolar resonance
results from the existence of the bright dipole mode
from the wedge defect excited by the incident wave. It
is interesting to see how the change of angle of defect
dark € influences the dark Fano resonances. Fig. 23
shows the transmission with the increase of angle of
defect 14°, 34°, and 54°. We can see that first, the
resonance D3 (D4) becomes weaker with the increase
of angle of defect because the polar of resonance D3
(D4) near the defective slice edge becomes small and
the distortion of the electric field of hexa- (octo-)
polar Fano modes has generally deteriorated. In con-
trast, the quadrupolar Fano resonance and the dipole
mode are observed more clearly.

Transmission (dB)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Frequency (THz)

Fig. 23 Transmission spectra defective at angles 14°, 34°,
and 54°
References to color refer to the online version of this figure

The quadrupole peaks in Fig. 22b have a char-
acteristic of high O, which can be used to fabricate a
highly sensitive sensor (Cong et al., 2015). We
choose the sharp quadrupolar peak and the higher dip
on the resonance curve as two extreme points and
then note the FWHM bandwidth (FWHM=Af=f,—f).
Taking the ratio of the resonance frequency at peak,
and the FWHM, i.e., fo/Af, we obtain the value for the
O factor. The key parameters of the O-factor calcula-
tion of single defect structure are listed in Table 1.
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Table 1 Key parameters for Q-factor calculation

6(C) f0(THz) f(THz) f,(THz) Af(THz) QO
6 0.387 0.38250 0.39160 0.009 10 42.527 47
8 0.383 0.37790 0.387 84 0.009 94 38.531 19
10 0380 037480 0.38530 0.01050 36.190 48
12 0377 037180 0.38285 0.01105 34.117 65
14 0374 036840 037990 0.01150 32.52174
16 0375 036890 0.38030 0.01140 32.894 74
18 0375 0.36890 0.38030 0.01140 32.894 74
20 0375 0.36905 038070 0.01165 32.188 84
22 0376 037000 0.38150 0.01150 32.695 65
24 0376 037030 0.38184 0.01154 32.58232

Such a WG micro-cavity can also be excited in a
planar chip using a high-efficiency coplanar wave-
guide (CPW) and a thin corrugated disk resonator
(CDR) (Wang et al., 2017) (Fig. 24). The distance g,
the width and the period of the groove a=0.5d,
p=2mR/N (N=20), and the waveguide height / are also
marked in Fig. 24. The sizes mentioned above are
R=1200 pm, =600 pum, /=500 pum, #,=450 um, and
p=380 um. To simulate the wave propagation in free
space, a gold layer is modeled as a lossy metal and
behaves almost like a perfect conductor in the THz
range, and the quartz substrate is used as a loss ma-
terial with dielectric loss tangent of tan =0.0004. The
surface metal layer is 0.5-pum thick gold, and is fab-
ricated by conventional lithography. To reduce the
loss of this part, we can choose an excellent perfor-
mance medium such as gallium arsenide, sapphire, or
quartz as the substrate material. In this work, quartz is
used as the substrate, of 200-pm thickness.

The simulated transmission coefficient (in dB) is
displayed in Fig. 25a. The red curve is the plasmonic
waveguide with CDR and the black curve shows the
feature of the broadband transmission without a cor-
rugated disk resonator. On the corrugated disk, the
coupling of plasma waveguide and corrugated plate
produces six main obliquities. Each dip corresponds
to a different mode, which is marked in Fig. 25a (red
curve). Figs. 25b-25g show the electric field (E:)
(0.1 mm above the metal film). Dips 1-6 in Fig. 25a
correspond to resonance modes in Figs. 25b—25g.
Dips 3-5 in the simulation band are quite obvious and
have high Q factors. These three dips in Q factors are
44.6, 283.4, and 215.8. These can serve as good fea-
tures for a biosensor. In the experiment, we focused
mainly on these three high-Q dips (3-5).

Zuod

Port1

Fig. 24 Top view of a high Q plasma waveguide with a
corrugated plate resonator system

The distance g, the width and the period of the groove a=0.5d,
p=2nR/N (N=20), and the waveguide height /# are also
marked. The sizes mentioned above are R=1200 um, =600
pm, ;=500 pm, #,=450 pm, and p=380 pum. Reprinted from
Wang et al. (2017), Copyright 2017, with permission from
Springer Nature
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Fig. 25 (a) Transmission coefficients S,; of the biosensor
system; (b—g) electric field (£;) on an x-y plane which is
0.1 mm above the metal film

Dips 1-6 in (a) correspond to resonance modes in (b)—(g).
References to color refer to the online version of this figure.
Reprinted from Wang et al. (2017), Copyright 2017, with
permission from Springer Nature

Next, we analyze the resonance frequencies
of these dips (1-6). The phase change around the
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corrugated disk is calculated as
Ap= 2R =2m+1)x. 3)

Here § is the propagation constant. If we define
k=p/(2n/p) as the normalized wavenumber (p=2nR/N
is the periodic constant of CDR), Eq. (3) can be re-
written as

F 2m+1 p 2m+1

k= = e .
2n/ p 2R 2m 2N “)

When the disk is in the closed state, there is a
relationship between & and m. This is shown in Table
2. The close state frequencies from dip 3 to 5 on pa-
rameter Sz; and the frequencies from the corrugated
disk dispersion curve are in agreement.

Table 2 Comparison of resonance frequencies

Frequency (GHz
k2nip) Theoretical : - Si)mulation
0.175 53.8 53.8
0.225 60.1 59.0
0.275 64.2 63.2

Reprinted from Wang et al. (2017), Copyright 2017, with permis-
sion from Springer Nature

The biosensor system sample is displayed in
Fig. 26. The size of quartz substrate is 15 mmx15 mm.
The structure (CPW, waveguide and CDR) is pro-
cessed by conventional lithography. A vector network
analyzer (Agilent N5245A) with a frequency range
from 50 to 75 GHz is used to measure the transmis-
sion coefficient. The probe pins are placed at ports 1
and 2, respectively. The experimental results (without
detect material) are illuminated in Fig. 27. Modes 3-5
are observed clearly. In the experiment, the Q-value
of the octupolar mode has been observed as high as
268.3. This high Q is suitable for an ultrasensitive
Sensor.

The corrugated disk resonances are sensitive to
the change of surrounding materials. If the permittiv-
ity ¢ is changed within the corrugated disk grooves,
all the resonance dips will shift. For the corrugated
disk grooves filled with different refractive index
materials, the resonance will be changed significantly.
In our simulation, we obtain a 0.22 GHz shift in the
hexapole and octupole resonance (from &=1.02 to

e=1.1). In Fig. 28, when ¢ increases, the red-shift of
the resonance dips moves to lower frequencies. Note
that the sample is sensed by an evanescent field in this
in-plane measurement.

The corrugated disk is an important part of the
biological sensor system. We can fill different

Fig. 26 Picture under a microscope
The parameter values are the same as in Fig. 24
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Fig. 27 Measured transmission coefficients S,; with CDR
Reprinted from Wang et al. (2017), Copyright 2017, with
permission from Springer Nature
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Fig. 28 Red-shift of the resonance dips
References to color refer to the online version of this figure
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samples in the groove of the corrugated disk. Both
solid and liquid can be measured. We choose different
liquids in the experiment. We use a cotton swab

dipped in liquid, and then cover the groove with liquid.

When a liquid is replaced, the sensor sample is placed
in the acetone and then in deionized water. A low
power ultrasonic cleaning machine is used for clean-
ing. The fillers we used in experiments for filling the
corrugated disk grooves are ethanol, deionized water,
and olive oil. From Fig. 29, by filling different
transparent liquids, unknown transparent liquids can
be identified by measuring the resonance shift due to
the refractive index changes with different fillers. We
found that in addition to the red-shift, these dips’
transmission coefficients (in dB) are also different.
This may be due to the different influence of the
electric field around the corrugated disk with different
liquid concentration. We evaluate the sensitivity of
the Fano-resonant structure in terms of Af/(RIU/vol)
when the sample is applied to the whole area or the
CDR area only. For the refractive index of 1.17 (olive
oil), the shift in the hexapole dip is 3.1 and 1.12 GHz
in the two conditions, respectively. Here note that the
volume of the analyte is much less in the second
condition. To remove the influence of volume, we
calculate the sensitivity per unit-volume. If the
thickness of the sample is 5 pm, the resulting sensi-
tivity is 0.0162 GHz/RIU/(mm”>pm) when the whole
chip is covered with the oil and 0.292 GHz/RIU/
(mm2>< um) in the case of the oil covering CDR only.

The enhanced sensitivity is improved by a factor of 18.

Note that our sensor size is small to avoid liquid
overflow to the network analyzer probe, so that only a
thin layer of liquid covers the groove. It may affect
the actual dip offset of the sensor.
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Fig. 29 Detection of different liquids in the corrugated
disk groove

4 Conclusions

In this review, we briefly described the sample
detection in the THz range. The method of THz
spectroscopy can determine the unique absorption
fingerprint spectrum and the complex refractive index
of many materials using THz-TDS. However, the
investigation of tiny sample volume has proven
challenging due to weak power output of source,
which can influence the SNR and further the material
identification. To overcome these disadvantages,
alternative approaches are required. In particular, high
O micro-cavity components/chips have been consid-
ered for samples with tiny volume (Xu et al., 2013b).
We have listed three general micro-cavity compo-
nents involving metallic photonics crystal, parallel
plate waveguide, and plasmonic WG cavities, which
represent metamaterial, guided wave, and resonant
structures, respectively. Their performances are dis-
cussed in detail.

Characterization of materials in the THz range is
a promising field. In recent years, an integrated mi-
crofluidic platform has been developed to detect real-
time liquid sensing. It provides a possibility to mon-
itor fast responses for many chemical and biological
reactions (Liu et al., 2013). Moreover, a THz scat-
tering near-field optical microscope has been used to
investigate the characterization of two-dimensional
materials, providing a unique tool for determining the
properties of semiconductors and biomedical materi-
als (Degl’Innocenti et al., 2017). The progress may
help advance the current knowledge of sample detec-
tion with subwavelength THz science.
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