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Featured Application: We used the “COMSOL Multiphysics” software in the simulation process.
This software enables the researcher to study the combined effect of a multitude of physical
parameters in just one calculation (and for a specific model system). It has unparalleled
capabilities, so that all physical phenomena can be perfectly reproduced by using the computer.

Abstract: A terahertz (THz) thermal sensor has been developed by using a periodically corrugated
gold waveguide. A defect was positioned in the middle of this waveguide. The periodicities of
waveguides can result in Bragg and non-Bragg gaps with identical and different transverse mode
resonances, respectively. Due to the local resonance of the energy concentration in the inserted
tube, a non-Bragg defect state (NBDS) was observed to arise in the non-Bragg gap. It exhibited an
extremely narrow transmission peak. The numerical results showed that by using the here proposed
waveguide structure, a NBDS would appear at a resonance frequency of 0.695 THz. In addition,
a redshift of this frequency was observed to occur with an increase in the ambient temperature.
It was also found that the maximum sensitivity can reach 11.5 MHz/K for an optimized defect radius
of 0.9 times the mean value of the waveguide inner tube radius, and for a defect length of 0.2 (or
0.8) times the corrugation period. In the present simulations, a temperature modification of the
Drude model was also used. By using this model, the thermal sensing could be realized with an
impressive sensitivity. This THz thermal sensor is thereby very promising for applications based on
high-precision temperature measurements and control.

Keywords: temperature tunability; defect states; mode interactions; frequency manipulations

1. Introduction

More generally, the terahertz (THz) wave is part of the electromagnetic wave with a frequency
range of 0.1-10 THz. Since it is positioned in the transition region of electronics and photonics,
its unique characteristics have been found in different types of applications [1,2]. Firstly, as compared
with X-rays, the photon energies within this THz region are extremely low. It causes no damage to the
living organism and has therefore promising application prospects in the field of biological biopsy [3-5].
Secondly, the wide spectral range of the THz waves can be used to characterize the composition of
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matter [6,7]. Thirdly, the THz waves are highly penetrating for many substances, providing a different
and more efficient solution for search and rescue [8,9]. Based on these advantages of the THz waves,
an increasing number of scientific publications can be found in the field of THz technology. Most of
these research activities have focused on THz radiation sources, functional devices, and more practical
applications [10-12]. Examples of THz functional devices are filters [13-15], sensors [16,17], slow-light
devices [18,19], switches [20,21], absorbers [22], and modulators [23,24].

In recent years, THz sensors have been developed and used in a wide variety of fields. Zhao et al.
reported on a broadband THz sensor, based on quantum-cascade laser arrays, which could realize the
sensing of the refractive index of solids, or liquids, in a reflective geometry [25]. Yan et al. used THz
fiber Bragg gratings to implement the resonant THz sensor, and it was applied to monitor the quality
of paper [26]. May et al. proposed a different method for in situ measurement of coating thickness
(on individual tablets) during film deposition, by employing a THz line sensor [27]. Zhang et al.
presented an ultrasensitive THz sensor, which consisted of a sub-wavelength graphene disk and an
annular gold ring within a unit cell. The numerical results showed that a high frequency sensitivity
of 1.908 THz, per refractive index unit (RIU), was achieved [28]. Liu et al. took advantage of a thin
metal sheet, perforated to a periodic hole array, in constructing a THz surface plasmon sensor that
could distinguish the chemical contents in gasoline [29]. In addition, Astley et al. demonstrated a THz
multichannel microfluidic sensor that was based on a parallel-plate waveguide with different resonant
cavities (two in number). The experimental results showed that the sensitivities of these cavities were
1.21 x 10° nm/RIU and 6.77 x 10° nm/RIU, respectively [30]. Moreover, Vafapour reported on a glucose
sensor based on a metamaterial absorber, to be used in food engineering [31]. Islam et al. developed
a tunable localized surface plasmon graphene metasurface that should be used as a multiband
superabsorber. It will then function as a refractive index sensor for measurements in the surrounding
environment [32]. Li et al. reported on a THz metamaterial biosensor, to be used in the measurement
of the thermally induced denaturation temperature of insulin [33]. There has also been some research
in the field of thermal sensing. For example, Ghafari et al. used the temperature dependencies of the
dielectric constants of two materials, graphene and indium antimonide, in the design of a terahertz
thermal sensor (with a sensitivity of 160 nm/K) [20]. In terms of patents, Nemirovsky published a
patent entitled “Teramos-terahertz thermal sensor and focal plane array” in 2014 [34]. Despite all these
earlier investigations in the field of THz sensors, an efficient THz thermal sensor, of a waveguide type,
has not yet been reported. This type of sensor is expected to be extremely useful in applications based
on high-precision temperature measurements and control.

A THz sensor has been demonstrated in the present study, which is based on a defect-containing
periodically corrugated metal tube. This sensor is simple with respect to its structure and has here
been found sensitive towards temperature. A Bragg, or a non-Bragg, band gap can be generated when
the incident THz wave frequency matches the geometry of the periodic waveguide. By introducing a
cylindrical defect in the middle of the periodic structure of the metal tube, the original periodicity will
be destroyed. As a result, a defect state will be generated in the former forbidden band. By analyzing
the mode components of the defect state, it has here been found that the Bragg defect state consists of
almost all first-order modes, while the non-Bragg defect state (NBDS) is dominated by second-order
modes. Furthermore, the bandwidth of the NBDS is found to be much narrower (when compared with
the Bragg defect state), which makes it more sensitive to changes in ambient temperature. Gold foil’s
thermo-optic effect has been studied for a long time. Passian et al. studied the thermally induced
multiple photon energy modulations in the surface plasmon of a gold foil [35,36]. The gold waveguide
can undergo thermal expansion and contraction, and it propagates the terahertz beam without any
leakage. References [37,38] describe in detail the dielectric properties and temperature modulations of
gold materials using the Drude model. These characteristics of gold materials, and gold waveguides,
are important for the development of a THz thermal sensor in the present study (i.e., by using a
periodically corrugated gold waveguide). In the following section (Section 2), the NBDS will be
introduced in a periodic metal waveguide by using a defect beyond the traditional Bragg defect
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state. In addition, the development of the temperature-modified Drude model will be presented in
Section 3, where the thermal sensing of the proposed waveguide structure will also be discussed.
In Section 4, the optimization of the waveguide geometry will be presented, and the corresponding
sensing performances will be discussed in further detail. Finally, the major results will be summarized
in Section 5.

2. NBDSs

Defect states of THz waves in defect-containing periodically corrugated metal tubes can arise not
only in the traditional Bragg gap (created by the interaction of two identical transverse modes) but
also in a non-Bragg gap (caused by a more complexed resonance). Based on a previous theoretical
investigation [39], the non-Bragg resonance refers to the interaction between the different guided
transverse modes. Like Bragg resonances, non-Bragg resonances can cause band splitting and form a
frequency-forbidden band. However, the characteristics of a non-Bragg forbidden band are completely
different from those caused by Bragg resonances. When a defect is introduced into the periodically
corrugated metal tube, the defect states can be found to create a transmission peak in the non-Bragg
forbidden band.

The defect-containing periodically corrugated gold wave that has been used in the present study
is shown in Figure 1. It comprises a periodically corrugated metal tube with a gold thickness of 0.5 pm
and a high-density polyethylene (HDPE) of 10 um thickness. The outer layer of the tube is made
of the HDPE, and the inner layer is deposited (i.e., sputtered) with gold. The thickness of the gold
layer has been chosen to be 0.5 pm, which is much larger than the skin depth of gold (of around
0.7 THz). Moreover, rg, /A, and Ar represent the mean radius of the inner part of the tube, the wall
period, and the corrugation amplitude, respectively. r and z denote a cylindrical coordinate system.
A straight tube with a length, L, of 0.8A, and a radius, R, of 0.9r), was inserted into the middle of
the perfect waveguide. The composition of this structure has earlier been proven to show low loss
and dispersion in the THz range, and the refractive index of HDPE is 1.5 [40]. Due to the periodicity
of the structure, all dispersion curves (for different transverse modes) were folded back to the first
Brillouin zone, where they intersect with each other. Bragg and non-Bragg resonances did also occur
in this Brillouin zone, and related frequency gaps appeared. The non-Bragg resonances were created
by interactions between the different transverse modes, while the Bragg ones were caused by the
same modes in the waveguide [39]. The trends in the dispersion curves, and the frequencies of the
resonances, could be predicted by calculating the reference line in the first Brillouin zone:

(m)® 2
c |k 2nm
f‘ﬂJ 7 i+ ) M
where f is the frequency, c is the velocity of light, k,(" is the mth zero of the zero-order Bessel function
[k m=1,2,34... }={2.4048,5.5201, 8.6537,11.7915 ... }], and B (—/A < B < /) is the reference

propagation constant.

To guarantee the formation of a non-Bragg gap near 0.7 THz, the wall period, A, and the mean
radius, rp, were set to 353 pm and 395.1 pm, respectively (according to Equation (1)). The corrugation
amplitude, Ar, of 39.5 um was then approximately 10% of the mean radius, ry. The 2D axisymmetric
structure was constructed by using the COMSOL Multiphysics software, with finite element method
(FEM) simulations at room temperature (T = 293 K). The transmission spectrum of the waveguide
is shown by a blue dashed line in Figure 2a. The periodic waveguide has a Bragg gap in the
range 0.415-0.560 THz, and a non-Bragg gap in the range 0.610-0.715 THz. For the situation with a
straight tube inserted into the middle of the perfect waveguide, the resulting transmission spectrum is
demonstrated by a red solid line in Figure 2a. As shown in Figure 2a, a transmission peak appears
in each forbidden band, and the Bragg and non-Bragg gaps are split by these induced defect states.
The peak frequency of the Bragg defect state is 0.462 THz, and that of NBDS is 0.695 THz. As compared
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with the Bragg defect state, the width of the transmission peak for the NBDS is much narrower.
This indicates that the characteristics of the NBDS are completely different from those of the Bragg
defect state (it is well-known that a non-Bragg gap is created by the involvement of high-order modes).
As demonstrated in Figure 1b,c, the magnetic field distributions (Hy) of the Bragg gap state and NBDS
show that each defect state is caused by a local resonance, with its origin in the energy concentrations
of the THz waves in the inserted tube. This type of local resonance will, hence, induce a longitudinal
accumulation of each defect state. However, the radial distribution is different, which is caused by the
involvement of high-order transverse modes in the NBDS. Due to the rotation symmetry with respect
to the z-axis, Figure 1b,c denotes any shaft sections.

Max

Min

Figure 1. (a) Configurations of the proposed waveguide. The middle straight pipe contains the defect
structure, where L and R are the length and the radius of the defect, respectively. (b) The magnetic
field distribution at the peak frequency (0.462 THz) of the Bragg defect state. (c) The magnetic field
distribution (Hy) at the peak frequency (0.695 THz) of the non-Bragg defect state (NBDS).

The magnetic field distributions of the defect states were also investigated (as can be seen in
Figure 2b). The underlying reason was to study the effect of different transverse modes on the NBDSs.
The longitudinal location of a specific radius, r, was selected at the maximum (absolute) value of the
amplitude in the waveguide. There is one radius of this kind in the Bragg defect state, but two in the
NBDS. To quantitatively identify the mode components of the defect states, a least-square fit to the

radial distributions was utilized: A
Hy(r) = 3 any(K7) @
m=1
where 7 represents the radius (normalized by its own maximum), a,, denotes the coefficients of the
different transverse modes, and J; (') is the first-order Bessel function. The best fitting curves for the
Bragg and non-Bragg defect states are shown in blue vs. red in Figure 2b. The optimal coefficients
for the Bragg defect state are a; = 1.1810, a; = 0.0232, a3 = —0.0012, and a4 = 0.0001, while these are
=0.1369, a, = 1.0960, a3 = —0.0145, and a4 = 0.0148 for the NBDS. Thus, it is obvious that the first
mode plays a major role for the Bragg defect state, while the other modes are all sufficiently small. It is
the other way around for the NBDS, for which the second mode dominates (as compared with the
others). In fact, this second mode is essential for the major characteristics of the NBDS.
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Figure 2. (a) Comparison of Bragg and non-Bragg stop-bands, with and without defects: red solid
line = transmission curve for the waveguide with defects; blue dashed line = transmission curve for
the waveguide without defects. (b) Radial distributions for the Bragg and non-Bragg defect states:
red squares = normalized magnetic field strengths for the NBDS; blue circles = normalized magnetic
field strengths for the Bragg defect state. The blue and red solid lines show the best fitting curves.

In short, by introducing a straight tube into a periodically corrugated waveguide, longitudinal
accumulation with local resonances was the result. This is quite different from the Bragg defect state
and is a very promising way to achieve a sensor with much higher sensitivity. The use of NBDS is
thus very promising and can be applied in various types of THz sensing systems, such as ambient
temperature monitoring.

3. Thermal Sensing

In the development of a temperature sensor, one must consider the thermal expansion of the
waveguide material (Au in this case). Thus, when the temperature is changed, the geometry of the
proposed waveguide will also change. Consequently, the THz response of the waveguide material will
vary by changing the temperature. Thus, the frequency of the NBDS will shift according to the varying
temperature, which can be directly used to sense temperature changes. With the linear expansion
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coefficient of Au, a, the period, A, and mean radius, ry, of the proposed waveguide, the following
temperature dependencies can be obtained:

A(T) = (14 aAT)A ®)

VQ(T) = (1 + O(AT)YQ (4)

where the temperature difference, AT, is the deviation from room temperature, 293 K.
In addition, the traditional Drude model must be modified because of the temperature dependency
of the THz response. The well-known Drude conductivity formula is shown in Equation (5).

w2

P
a(0) = —¢o ®)
Wt
where 0(0) is the DC conductivity, ¢ is the dielectric constant in vacuum, wy, is the plasma frequency,
and w; is the damping frequency. Furthermore, w, and w; are defined as

(=)’
wp =\ T (6)

we =1
where g is the number of conducting electrons per unit volume, ¢ is the charge of the electron, m is
the electron mass, and 7 is the relaxation time [37]. Moreover, the electric conductivity, o(w), can be
given by
a(0)
o(w) = @)

1-iwt

where the circular frequency w = 27tf. The complex dielectric constant in the Drude model, € = €1 + iy,

is also expressed as
2

w
_ r
e =1- W 4-w?
T
2 8
W, Wy
Ey = —/———=
2 a)3+a)w%

where w, = 1.37 X 10* THz, and w, = 40.7 THz (for Au) [38].

For a temperature close to room temperature, the Drude model of the dielectric constant can be
modified to become dependent on the temperature. At first, assume that Equations (5)—(8) are valid at
room temperature, Ty = 293 K. It is then possible to study the temperature dependency as a function of
the variation in T, AT (when close to room temperature). For isotropic materials, the thermally induced
expansion (in volume) yields the temperature-dependent electron density, 4/(1 + 3xAT). This is due to
the small value of the expansion coefficient, &. The temperature-dependent plasma frequency, w) (T),
can therefore be calculated by using Equation (9).

wp(T) = —___ )
g VI+3aAT

According to the quantum theories of electrons for pure metals, the damping frequency, w.,
is linearly dependent on the temperature in the high-temperature range (i.e., over the Debye
temperature). For this high-temperature range, the temperature-dependent damping frequency,
w+(T), will be linearly dependent on wq:w:(T) « w;. Since the electrical resistivity is the inverse of
the DC conductivity, it is also proportional to the temperature. Thus, the damping frequency can be
modified as:

1+ agAT

wi(T) = w2 AF (10)

where ap is the temperature coefficient of the resistivity at T.
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Considering the temperature modified Drude model, and the thermal expansion of Au, various
parameters were set in the RF module of COMSOL Multiphysics. These parameters include the
temperature-dependent dielectric constant of Au, as well as the period and radius for different
temperatures. For the NBDS, simulated results for different temperatures are shown in Figure 3.
As can be seen in this figure, as the temperature increases, the transmission peaks gradually shift
to lower frequencies. Additionally, the width of the peaks becomes wider, and the transmittances
will gradually decrease. The frequency shift is, thus, a very promising parameter to measure in the
determination of the temperature variation in the environment (i.e., for sensing). More generally,
the sensitivity and the figure of merit (FOM) are two important parameters that reflect the performance
of a sensor. The definition of sensitivity can be expressed as Af/AT, where Af is the frequency shift of the
transmission peak and AT is the numerical shift in temperature. By applying this definition of sensitivity
on the results presented in Figure 3, it is obvious that the sensitivity of this THz thermal sensor can reach
11.5 MHz/K. Moreover, according to reference [41], the FOM of a terahertz thermal sensor is the ratio of
the sensitivity to the full width at half maximum (FWHM): FOM = (Sensitivity x T)/FWHM. The FOM
of the here presented waveguide-based thermal sensor has a maximum value of 142.7 (at T = 273 K),
which is larger than the FOM of 117, as presented in Ref. [39]. As shown in Figure 3, the FWHM of the
transmission peaks increases sharply with an increase in temperature. This makes FOM smaller, but it
can still reach a FOM value of 28.9 (at T = 353 K). The observation that FOM becomes smaller as the
temperature rises is a problem to be solved in the near future. The most important result is, though,
that we have constructed a waveguide-based THz thermal sensor by measuring the frequencies of the
transmission peaks.
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Figure 3. Frequency shifts of the NBDS when the temperature is increased from 273 K to 353 K.
4. Sensing Performances

To adjust the tunable temperature-related characteristics of the here proposed THz thermal sensor,
the defect parameters have been further investigated by using simulations. It has been observed
that by changing the length and radius of the defect, the peak frequency of the NBDS will shift
accordingly. At first, the defect length L was set to 0.5 A, and the defect radius, R, was varied from 0.3rg
to 1.1rp. The variations in transmission frequency, as a function of temperature, are shown in Figure 4a.
The results are presented for different defect radius, R (from 0.3ry to 1.1rj). To make Figure 4a more
intuitive, the transmission frequency, f, value for R = 0.7rp and T = 313 K has been set to zero, and the
other f values have been accordingly adjusted (i.e., these f values are reported with respect to the one
for R = 0.7rg and T = 313 K). As can be seen in Figure 4a, for a constant temperature, the transmission
frequency, f, will increase with an increase in defect radius, R. For the situation with a constant defect
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radius, the frequency will continuously decrease when increasing the temperature from 273 K to 353 K.
To obtain the sensitivity of the proposed thermal sensor, a least square linear fit has been performed for
each set of simulated data. The sensitivity, averaged over the five different sets, was then found to be
9.35 + 0.80 MHz/K. The highest sensitivity was found for R = 0.7ry, with a value of 10.15 MHz/K.
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Figure 4. Structure optimization of the proposed THz thermal sensor. Frequency shifts for different
defect radii, R (a), and different defect lengths, L (b).

The next step was to study the effect of various defect lengths, L, (0.2A, 0.4A, 0.6A, 0.8A, and 1.0A)
for a constant defect radius, R, (of 0.9r). Simulations were thereby performed at temperatures, T,
that were increased from 273 K to 353 K (in steps of 20 K). The obtained frequency deviations are
shown in Figure 4b (by using the transmission peak for L = 0.6A, at 313 K, as a reference). In this figure,
it can be seen that the transmission peak shifts to a lower frequency as the defect length, L, increases
(at constant T). Moreover, at a constant defect length, the frequency decreases with an increase in
temperature. The sensitivity, averaged over the five different sets, was found to be 10.75 + 0.75 MHz/K.
Moreover, the highest sensitivity was found for both L = 0.2A and L = 0.8A, with a value of 11.5 MHz/K.
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5. Conclusions

A THz thermal sensor, based on a defect-containing periodic waveguide, has been proposed in
the present investigation. This periodic THz waveguide is found to exhibit a non-Bragg band gap in a
specific frequency range. When a defect is introduced in the structure, a defect state can be formed
in the non-Bragg band gap (called NBDS). The spectrum of a waveguide, with a defect in the THz
frequency range, is also simulated. As a result, it is found that the resonance frequency of the NBDS
can be controlled by varying the temperature, which, in turn, is due to the thermal expansion of the
metal structure in the waveguide. It is found that the NBDS will move to lower frequencies as the
temperature rises. In addition, the Drude model has to be modified since the temperature is varied.
It is found that not only the thermal expansion, but also the dielectric constant, will influence the THz
thermal sensing. The temperature-modified Drude model is observed to efficiently estimate the THz
response of metals at various ambient temperatures. Furthermore, the geometry of the implemented
defect is also investigated in the study of the sensing performances. It is thereby found that when the
defect length increases, the transmission peak will gradually shift to lower frequencies. On the contrary,
the transmission peak will shift to higher frequencies when the radius is increased. In summary,
the combination of a tunable defect size, high sensitivity, and ease in operation, of the here proposed
structure in the THz regime, makes this temperature sensor very promising for applications based on
high-precision temperature measurements and control.
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