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We propose a compact terahertz plasmonic structure comprising an InSb-dielectric-InSb waveguide
side-coupled with two stub resonators. Due to the coherent interference of the splitting discrete and
quasi-continuum modes, the reflection spectrum possesses a sharp asymmetric Fano resonance dip,
which stems from the phase difference between the two stub resonators. Owing to the permittivity
temperature dependent property of InSb, the Fano resonance dip can be actively controlled by tun-
ing temperature. The physical features contribute to a highly efficient plasmonic sensor for both
refractive index and temperature sensing. The microsensor yields a sensitivity of ~2.9 THz/RIU
and 1.8 × 10–3 THz/°C. This multiparameter high sensitivity microsensor may find important ap-
plications in medical sensing, biosensing and on-chip sensing working in terahertz region. 
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1. Introduction

Surface plasmon polaritons (SPPs) have shown the considerable potential to control light
at the subwavelength scale due to their ability of overcoming the diffraction limit [1].
Recently, huge kinds of highly integrated optical devices have been investigated or
demonstrated assisted by plasmonic nanostructures, such as perfect absorbers [2, 3], fil-
ters [4–6], all-optical switches [7–9], and nanofocusing structures [10–12]. Among these
devices, plasmonic sensors for refractive index sensing have been explored by means
of the classical analogue of electromagnetically induced transparency (EIT) [13–15]
or perfect absorption resonance [16–18]. However, the sensitivity of the sensors based
on traditional surface plasmon resonance (SPR) can hardly get too high attribute to the
symmetry property of the traditional SPR. The resonance, discovered by Ugo Fano,
originates from the quantum-mechanical interference between a discrete excited state of
an atom and a continuum sharing the same energy level [19]. Different from the Lorentz
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resonance, the Fano resonance possesses a distinctly asymmetric line profile, which
made it superior to Lorentz resonance in plasmonic sensing applications with respect
to the sensitivity of the sensors [20]. Thus, designing plasmonic nanosensors based on
Fano resonance mechanism seems intriguing and promising. 

On the other hand, terahertz (THz) technology has drawn an extensive attention in
relation to various application fields such as biological science, medical imaging, secu-
rity and space science [21–24]. So, there is an urgent need to find a material that can sup-
port THz SPP wave. Graphene seems a good candidate for supporting THz SPP wave,
and graphene has been introduced to construct broadband terahertz absorbers due to
its exceptional properties, such as optical transparency, flexibility, and tenability [25].
However, the structure is demanding in terms of cost and complexity. Another alternative
promising material for supporting THz SPP wave is a moderately doped semiconduc-
tor, which can be readily fabricated using conventional micro-fabrication techniques.
Some semiconductors have a permittivity at THz range close to that of metal at optical
range. InSb, whose permittivity can be modified by varying temperature, has been pro-
posed for designing THz plasmonic devices [26–29], so plasmonic THz sensor based on
InSb material for both refractive index and temperature sensing seems promising and
interesting. 

In this paper, we propose and investigate a plasmonic microsensor based on Fano
resonance in an InSb-dielectric-InSb (IDI) waveguide resonator system, which con-
sists of an IDI waveguide side-coupled with a pair of stub resonators. The theoretical
model shows that the Fano resonance lineshape originates from the splitting resonance
modes with different coupling rates and resonance frequencies. The Fano resonance
dip strongly depends on the separation between the two stub resonators. Owning to
the permittivity temperature dependent property of  InSb, the proposed microsensor can
be utilized for both refractive index and temperature sensing applications. It is superior
to the previous work about a multiparameter sensor assisted by complicated frequency
selective surface couplers in terms of fabrication procedure [30]. This simple structure
multiparameter high sensitivity microsensor may find important applications in med-
ical sensing, biosensing and on-chip sensing operating at terahertz frequency.

2. Structure design and optical property of InSb material 

The side view of the two-dimensional (2D) schematic diagram of the plasmonic con-
figuration is shown in Fig. 1, which consists of a bus waveguide side coupled with two
microcavities with length l, width w, and a cavity–cavity separation d. Since the width
of the slit waveguide is much smaller than the incident wavelength, only a single prop-
agation mode TM0 can exist in the structure. Here, the dispersion relation of the fun-
damental SPP mode in the InSb slot waveguide is determined by [27] 
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where neff is the effective refractive index of the SPP wave in the waveguide and
k0 = 2π/λ0 is the free-space wave vector and β = k0neff, λ0 is the wavelength of the incident
source. The insulator in the dielectric core has permittivity εd, and w and ω denote the
width of the two cavities and the angular frequency of the incident wave, respectively. 

From 0.1 to 2.2 THz, the permittivity of InSb can be approximately given by the
simple Drude model approximation [31]

(2)

where  represents the high-frequency permittivity, ω is angular frequency, and γ is
the damping constant. The plasma frequency  depends on the in-
trinsic carrier density N, the electronic charge e, the vacuum permittivity ε0 , and the ef-
fective mass m* of free carriers. One of the great differences between InSb and Ag is
that the plasma frequency ωp of InSb increases exponentially with increasing tempera-
ture. The intrinsic carrier density N (in m–3) of InSb obeys the relationship [32] 

(3)

where kB is the Boltzmann constant and T is the temperature in Kelvins. It should be
noted that the damping constant γ of InSb is proportional to the electron mobility μ as
γ = em*/μ, which in turn depends on temperature. Thus, while changing the temperature,
γ will change as well and then it will influence the absorption property of InSb. However,
when the temperature ranges from 160 to 350 K within the frequency regime from 0.1
to 2.2 THz, the electron mobility μ changes slightly. Consequently, the damping con-
stant γ can be seen as a constant, which is consistent with the experimental report [33].
For InSb  m* = 0.015me (me is the mass of electron), and γ = 0.1π THz [34].

Fig. 1. Schematic diagram of proposed plasmonic system with an InSb slot waveguide side-coupled with
a pair of stub resonators; the incident wave is illuminated from the left side.
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Figures 2a and 2b show the dependence of the real part and imaginary part, respec-
tively, of the effective refractive index of InSb slot as a function of frequency at dif-
ferent temperatures with the width of the slot waveguide and the stub resonators kept
as w = 50 μm. As shown in Fig. 2, we can see that the effective refractive index of
InSb is affected by the variation of the temperature at THz region. Therefore, tunable
plasmonic THz devices based on InSb material by tuning temperature seem interesting
and promising. In this work, the simulations were performed by Comsol Multiphysics
based on the finite element method (FEM).

3. Fano resonance in the proposed THz plasmonic waveguide system

In the plasmonic waveguide-coupled cavity, the localized resonance can be excited
when the frequency of the incident wave approaches the intrinsic resonance frequency.
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Fig. 2. Real part of the effective refractive index of InSb slot waveguide as a function of frequency for
different temperatures (a). Imaginary part of the effective index of InSb slot waveguide versus frequency
for different temperatures (b). The width of the slit is set as 50 μm in both figures.
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The spectrum features of this plasmonic waveguide system can be investigated by the
temporal coupled-mode theory [35]. To simplify the analytical model, the propagation
and coupling losses are not considered, and the medium is assumed as air (nair = 1) at
first. The schematic diagram of the proposed plasmonic structure for achieving Fano
resonance is shown in Fig. 1. For the harmonic time dependence of exp(–jwt), the time
evolution of amplitudes a and b of the above and the below cavity can be respectively
described as 

(4a)

(4b)

Here ω0 represents the resonance frequency of cavities; κ0 is the decay rate of the field
due to internal loss in cavities, and κ1 stands for the decay rate of cavities due to the
power escape through the waveguide. These physical parameters are set to be constant
with fixed geometrical properties. θ is the phase of the coupling coefficient. The out-
going waves of cavities can be expressed as

(5a)

(5b)

(5c)

(5d)

The propagation SPP wave in this waveguide should satisfy the relationship:
S+12 = S–21exp( jφ) and S+21 = S–12exp( jφ). Here, φ = 2πRe(neff)d /λ is the phase dif-
ference between the two stub resonators, λ is the wavelength of the incident wave, and
neff  is the effective refractive index of the supported THz SPP mode, which can be ob-
tained from dispersion equations. If the incident THz wave is illuminated only from
the left port (S+22 = 0), the line shape of the reflection spectrum is expressed as 

(6)

The reflection coefficient r can be written as
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Here Δω = ω0 – ω. The reflection coefficient is written as a form of the interference
between two new resonance modes with the frequencies of ω0 ± κ1sinφ, coupling decay
rates of κ1(1 ± cosφ), and identical intrinsic decay rates. The relationship between the
total reflection R and r1 and r2 can be expressed as

(8)

In the above equation, the first two terms stand for the sum of reflection of two stub
cavities, and the last term represents the interference between them. It is obvious that
the total reflection R is determined by the phase difference between the two resonant
modes of the two stub cavities. While the phase difference of the two resonant modes
is determined by the distance between the two stub cavities, so the distance between
the two stubs d plays an important role in the response of the whole THz plasmonic
system. At first, in order to more clearly understand the influence of the distance be-
tween the two stubs on the reflection spectra of this THz plasmonic system, the geom-
etry parameters of this THz plasmonic waveguide are set to be w = 50 μm, l = 300 μm.
The medium filled in the micro slit and the two stubs is chosen as air and the temper-
ature is kept at 280 K. Under these conditions, the simulated results of the total reflec-
tion R for various distances between the two stubs are shown in Fig. 3a. As shown in
Fig. 3a, one can see that the reflection spectra are asymmetric and there is an obvious
dip which exists in those reflection spectra except for d = 320 μm, and the dip some-
times locates at the left side and sometimes at the right side, which originates from
different coupled-resonator effect. Meanwhile, we can see that the Fano resonance dip
disappears in the reflection spectra when d is 320 μm. According to the dispersion re-
lation of this structure, neff of the waveguide is about 1.13 at 1.07 THz. Thus, the phase
term φ in Eqs. (7a)–(7c) is approximately equal to π at 1.07 THz when d = 320 μm.
The resonant mode r2 vanishes, so the total reflection can be expressed as R = |r1 |2

and the Fano resonance dip disappears [36]. It should be noted that the Fano resonance
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Fig. 3. Total reflection spectra of our THz plasmonic system for various distances between the two stubs (a).
The reflection spectra as a function of the distance between the two stub and the frequency of the incident
source (b).
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dip possesses a redshift around d = 320 μm (i.e., φ = π), and this is attributed to the
variation of the discrete-state resonant mode r2, whose frequency ω = ω0 + κ1sinφ
decreases when increasing d around the phase φ = π. The simulation results agree well
with the theoretical results in Fig. 3b. Seeing from Fig. 3b, it is found that the reflection
spectra evolves periodically with d, which is due to the fact that the phase difference
between the two stub resonators varies periodically with d. This Fano resonance re-
flection spectrum may find potential applications in micro-sensing and switching in
THz system.

In order to get a better understanding of the difference between the Fano-resonance
induced spectra and the traditional resonance induced Lorentz-like spectra, we plotted
the reflection spectra of our THz plasmonic system with double stubs and single stub,
as shown in Fig. 4a. Clearly, it is observed that the reflection spectra (blue solid line
in Fig. 4a) in the two coupling resonators become sharp and asymmetric, which is quite
different from that in the single-resonator case (red dashed line in Fig. 4a). For the double
stubs system, the reflection spectra of the SPPs varies sharply from the resonance peak
to the dip with only a small frequency shift of about Δ f  = 0.038 THz (blue solid line
in Fig. 4a), which is obviously smaller than that (Δ f  = 0.21 THz) in the single-stub
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Fig. 4. Total reflection spectra of our THz plasmonic system for both double stubs (blue solid line) and
single stub (red dashed line) (a). The normalized magnetic field distributions at the Fano-like reflection
dip (b) and peak (c). The geometric parameters are the same as for Fig. 3, the temperature is kept at 280 K.
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case. In order to get a deep insight of the Fano-resonance effect, the normalized mag-
netic field distributions corresponding to the reflection dip (1.034 THz) and the reflec-
tion peak (1.072 THz) are displayed in Figs. 4b and 4c, respectively. Obviously, at
f  = 1.034 THz, strong field distributions are observed in the Fabry–Pérot (FP) resonator,
which is attributed to the high reflectivity of the stub resonators. This serves as a direct
evidence that a strong trapped resonance occurs in the FP resonator, resulting in a nar-
row reflection dip at f  = 1.034 THz, while at f  = 1.072 THz the SPPs are blocked by
the stub resonators, and the output of the InSb-dielectric-InSb waveguide is dark, as
shown in Fig. 4c. Thus, the sharp and asymmetric spectra, usually termed as Fano res-
onances, result from the coupling of a narrow discrete resonance (strong trapped reso-
nance in the FP resonator) and a broad spectrum (weak resonance in the stub resonators).
It is shown that the frequency shift of two stub systems required for a completely on/off
variation is significantly reduced in the Fano resonance reflection spectra compared
to the traditional resonance reflection spectra, implying a high sensitivity to the index
variations of nearby or surrounding medium, which makes it a good candidate for
THz micro-sensing technology. 

4. Sensing applications based on THz Fano resonances

Since temperature can affect the permittivity of InSb, so we kept temperature as 280 K
in order to study the complex refractive index sensing properties of the Fano resonance
in our THz plasmonic system. We arrange our simulation steps as follows. Firstly, the
real part of the refractive index ranges from 1 to 1.04 with a step of 0.02, and the cor-
responding reflection spectra are plotted in Fig. 5.

Seeing from Fig. 5, it shows that the resonance wavelength has a redshift when in-
creasing the refractive index of the medium filled in the cavities. This phenomenon
results from altering the resonance frequency of this THz plasmonic system when chang-
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Fig. 5. Total reflection spectra of our THz plasmonic system for various distances between the two stubs.
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ing the refractive index of the medium filled in the cavities. According to the analytical
model, the resonance frequency of the splitting mode r2 increases with the refractive
index. Thus, the Fano resonance dip exhibits a sensitive shift while changing the re-
fractive index of the dielectric. This feature offers an excellent approach for the appli-
cations toward microscale sensing. The sharp asymmetric Fano line shape enhances
the sensitivity of sensors. Here, assisted by the Fano line shape reflection spectrum,
the sensitivity of this microsensor can be as high as 2.9 THz/RIU, which is far more
sensitive to refractive index changes in comparison with the sensor based on the tra-
ditional Lorentz-like resonance spectra, as the dashed line in Fig. 4a. So this structure
can be a good candidate for micro-sensing applications.

On the other hand, due to the fact that the permittivity of InSb is sensitive to tem-
perature, this THz plasmonic system can also act as a temperature sensor without the
need of introducing another medium. Here, in order to investigate our structure’s sen-
sitivity to temperature, the medium filled in the cavities and the slit is kept as air, and
the geometric parameters are the same as in Fig. 3, and then we vary the temperature
from 280 to 300 K with a step of 10 K, The simulated corresponding Fano-like reflec-
tion spectra are plotted in Fig. 6. We can see that the resonance dip of the reflection
spectra has a blueshift when increasing temperature, and this phenomenon originates
from the fact that the effective refractive index of the SPP mode in our structure gets
smaller when increasing temperature according to Fig. 2a, leading to a higher reso-
nance frequency according to the Fabry–Pérot resonance theory. Moreover, the sensi-
tivity of this structure for temperature can be as high as 1.8 × 10–3 THz/°C, so this
structure can also act as a temperature sensor. Additionally, it should be noted that the
resonance dip of the reflection spectra gets lower and lower and the peak value gets
higher and higher, which results from the fact that the loss of our structure gets smaller
when increasing temperature according to Fig. 2b, leading to lower energy dissipation
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in the cavities at the Fano-resonance frequency and more energy transmits out of our
structure. Thus, this compact structure can find applications in micro-sensing technol-
ogy for both refractive index and temperature sensing.

For practical applications, the fabrication process of our structure should also be tak-
en into account, the InSb-air-InSb waveguide can be obtained by suing electron beam
lithography (EBL) technology or focused ion beam (FIB) lithography on InSb rectan-
gular waveguide, and then we can put it on the molten state dielectric to get the InSb
-dielectric-InSb waveguide by magnetron sputtering technology [37]. Then the THz plas-
monic multi-parameters microsensor can be achieved after the air-dry procedure. 

5. Conclusion

In summary, we have proposed an InSb-dielectric-InSb THz plasmonic waveguide con-
sists of a slot waveguide side coupled with a pair of stub cavities. Owning to the coherent
interference of the splitting discrete and quasi-continuum modes, the reflection spectrum
possesses a sharp asymmetric Fano resonance dip. Since the interference between the
two stub resonators is strongly dependent on the distance between the two stub reso-
nators, so the shape of the Fano-like reflection spectra is determined by the distance
between the two stub resonators. The physical features contribute to a highly efficient
plasmonic sensor for both refractive index and temperature sensing. The microsensor
yields a sensitivity of ~2.9 THz/RIU and 1.8 × 10–3 THz/°C. This multiparameter high
sensitivity microsensor may find important applications in medical sensing, biosensing
and on-chip sensing operating at terahertz frequency.
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