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In the practical detection process, two flat convex
cylindrical lenses with appropriate size are placed at the input
and output ports and in close contact with the waveguide (see
Supporting Information, Fig. S§7) [55]. They can prevent
analyte overflow and improve the efficiency of optical
coupling in and out of the waveguide. Then we can manually
inject the analyte into the detection region by using a
precision syringe, and a focused HeNe laser beam is used to
detect the filling of the analyte in the waveguide [56].
Considering the waveguide gap can serve as a channel for
fluid flow, it can combine microfluidics technology to realize
real-time monitoring [57].

IV. CONCLUSION

A Fano resonator with subwavelength planar structure has
been numerically investigated and theoretically calculated in
the THz region, which consists of a metal wall and a stub-
coupled MDM waveguide. The numerical results simulated
by FDTD are in good agreement with the theoretical results
analyzed by SMT. The results indicate that the appearance of
Fano resonance is attributed to the interference between the
narrow discrete mode and broad continuum mode caused by
stub resonator and metal wall, respectively. Maximum
transmission of 95.4% is obtained with the propagation loss
of 2.836x10*dB/um. Fano transmission spectra can be
conveniently adjusted by altering geometrical parameters,
further, the conversion of transmission spectra from Fano to
Lorentzian line shape is realized by controlling the height
and width of the stub resonator, as well as the distance
between stub resonator and metal wall. Furthermore, the
maximum Q-factor can reach up to 225 by optimizing the
structural parameters, which is obviously improved about 60
times compared to the single stub-coupled waveguide
structure. In sensing application, the results show that the
Fano-based MDM waveguide structure can achieve a high
sensitivity of 96480 nm/RIU and a satisfactory FOM of 195
in a wide RI range. Therefore, the proposed structure has a
good application prospect in THz filtering and sensing, and
provides the feasibility for the application of subwavelength
plasmonic waveguide device in THz band.
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FIGURE 7. The sensing application of the proposed structure with different dielectric RI. (a) Transmission spectra of the Fano resonance when the

dielectric Rl changes from 1.0 to 2.0 { L, =20 pm, L, =8 pm, w =18 pum,

=25 pm, a= 0.2 pm, =25 pm). (b) The black dots show the

numerically simulated resonance wavelength as a function of the dielectric RI. The red straight line is a linear fit to the simulated data, which is used
to determine the sensitivity as 96480 nm/RIU. (c) The black dots show the FOM as a function of the dielectric Rl. The red straight line is a linear fit to

the simulated data.

TABLE |
COMPARISON OF FANO SENSING PERFORMANCE

Reference  Working wavelength range (THz)  Refractive index range (An) S, (n/RIUY  FOM . Q-factor
[58] 1.1-1.5 1.0-1.6 20600 4.61 57
[59] 0.4-12 1.0-3.0 57000 0.83 53
[60] 0.3-0.7 1.0-2.0 103000 4.47 9.6
[61] 0.4-1.0 1.0-2.0 1 76000 14.05 11.22
[62] 1.0-7.0 1.0-1.8 6750 364 19.2
[63] 0.5-2.0 1.0-1.6 T0500 1.34 5.34
[64] 0.6-2.0 1.0-2.0 32600 1.79 19.28

This work 1.0-7.0 1.0-2.0 96480 195 225

resonance increases due to the strongly enhanced field and
interference  strength.  However, high Q-factor s
accompanied by low transmission, thus there is a tradeoff
between the maximum transmission and Q-factor of the
proposed structure. Fig. 6(b) depicts that as thickness ¢
increases from 0.5 to 4.5 pum, the Fano resonance peak has a
slight shift, keeping at around 3.12 THz, which indicates the
insensitivity of Fano resonant frequency to ¢. This property
can be used to compensate the error caused by the inaccuracy
of the device size and reduce the difficulty during the
fabrication process. The transmission sharply decreases from
0.63 to 0.2 due to the increasing 4 and » shown in the inset
of Fig. 6(d). From Fig. 6(d) we can see that the maximum Q-
factor is 225 at ¢ = 2.5 pm, which is suitable for the highly
sensitive THz sensing application.

B. SENSING APPLICATION

Due to the narrow and sharp Fano resonance peak, one
interesting application of the proposed structure is THz
sensing. The sensitivity (§) is a significant indicator for
characterizing the RI sensor, which is defined as
§ = AA/An nm/RIU [53], where A4 and An represent the
change of Fano resonant wavelength and the dielectric RI
(n) , respectively. Fig. 7(a) shows the transmission spectra
with RI varying from 1.0 to 2.0 with a step of 0.2. The large

VOLUME XX, 2017

range of RI covers most biomolecules and chemical analytes
in the THz region [34]. Here, several representative materials
in the RI range of 1-2 are listed, such as, ovalbumin (n
1.15), Cy{.'}UheXﬂI'll: (n = 1.3}. CyH g-C el 3y [I‘I = |.39-|.43}.
rapeseed oil (n 1.44), 75% ethanol solution (n 1.6),
glycerin (n = 1.77), and HMX (n 1.81). The Fano
transmission spectra present a clear red-shift of the resonant
wavelength, which varies from 96.48 to 192.95 pm. The
transmission of Fano resonance decreases due to the
increasing effective reflection coefficient of the proposed
structure. A linear fit of the Fano resonant wavelength shown
in Fig. 7(b) leads to a sensitivity of § = 9.648x10* nm/RIU,
which is comparable and higher than other THz Fano-based
RI sensors shown in Table L.

Moreover, FOM also plays an important role in
characterizing the performance of the sensor, which is
defined as FOM = S/FWHM |[54]. Here, the FOM of the
proposed structure with a dielectric RI sweeping from 1.0 to
2.0 is presented in Fig. 7(c). It indicates that the FOM
increases linearly due to the increasing destructive
interference and the reduction of Fano linewidth. The
maximum FOM is up to 195 at n = 2.0. Furthermore,
compared to other RI sensors, the sensor based on the
proposed structure can achieve a higher FOM, which can be
seen in the Table [

=
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FIGURE 4. The characteristic analysis of the Fano resonance with different height of the stub resonator. (a) The transmission spectra with height
varying from 15to 20 ym ( L, =8 ym, w=18 pm, ¢=1pym, a= 0.2 ym, d = 25 pm). (b) The comparison of Fano line shape between L =18 and 20

pm, and H: field distributions at frequencies of (A) 3.05 THz and (B) 3.3 THz as the insets. (c) H: field distributions with L, =18 pym at 3.276 THz.

(d) The phase shift of the Fano system at L, =18 and 20 pm.

the strong coupling between stub resonator and waveguide,
which is consistent with results discussed above.
Meanwhile, electric fields mainly distribute in the stub
resonator and metal wall at the Fano resonance peak shown
in Fig. 2(d). The maximum field strength at the Fano
resonance peak is five times larger than that at the Fano
resonance dip. This is because that the strong destructive
ference between stub resonator and metal wall induces
Fano transmission peak, which generates strong field
ibution.

RESULTS AND DISCUSSION

A. PARAMETRIC ANALYSIS

Fano resonance is sensitive to the structure size. In order to
improve Q-factor of Fano resonance, which is beneficial to
achieve better THz sensing performance, we optimize
parameters of the proposed structure and investigate the
transmission 7, reflection R, and loss 4 of Fano resonance
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with three different geometric dimensions. Fig. 3(a) shows
the high transmission peak, low reflection dip, and low loss
of Fano resonance at f =3.915 THz, where the loss 4 is
defined as A=1-7T-R . Due to the strong confinement of
the MDM waveguide, the loss is not the radiative loss but the
non-radiative loss caused by the materials. Compared to the
result in Fig. 3(a), the transmission spectrum shown in Fig,
3(b) varies rapidly from dip to peak at f =3.05 and 3.11
THz, respectively. A higher Q-factor of 130 is obtained with
a transmission peak of 0.58. However, the reflection and loss
of the proposed structure at the resonant frequency both
increase, which induces the decrease of the Fano
transmission peak. Fig. 3(c) shows a sharper Fano resonance
with a transmission peak of 043 and a Q-factor of 225,
which is twenty times larger than that in Fig. 3(a). The
reflection at the resonant frequency is only 0.03, while the
loss is up to 0.54 due to the enhanced destructive interference
between stub resonator and metal wall. Therefore, the decline
of transmission peak results from the increasing loss, which
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stub resonator and metal wall. Parameters are setas L, =20 uym, [, =8 pm, w =18 pm,

can be compensated by introducing gain mediums into
resonators [52]. From the insets of Figs. 3(b) and (c) we can
find that Hz field distributions in the stub resonator are in
phase with that in the MDM waveguide at points B and C,
which is different from the distributions at point A shown in
Fig. 1(e). It indicates that there is the weak coupling and
constructive interference between the stub resonator and
MDM waveguide. Comparing Hz field distributions at three
points, it can be seen that the high Q-factor of Fano
resonance are attributed to the strong destructive interference
between the stub resonator and metal wall, and the weak
coupling between the stub resonator and MDM waveguide.
Since the Fano transmission dip is mainly determined by
the stub resonator, the variation of dip in the Fano waveguide
structure is consistent with that in the single stub-coupled
waveguide structure. According to Eq. (1), with the
increasing height L of the stub resonator, the transmission
dip of the Lorentzian-like line shape is redshift in the single
stub-coupled waveguide structure. Similarly, as L, increases
from 15 to 20 pm, the transmission dip is redshift in the Fano
waveguide structure, as shown in Fig. 4(a). At the same time,
Fano transmission peak is also redshift due to the increasing
effective RI of the proposed structure. Besides, it depicts that
the minimum transmission occurs at around L, =18 pm. It
can be explained that when L, is equal to the width w of the
MDM waveguide, the coupling strength between stub
resonator and MDM waveguide enhances to the maximum,
eventually inducing the strong reflection and weak
transmission. Since Fano resonance dip is more sensitive to
L, than the peak, the former changes faster as L, increases.
Therefore, Fano line shape is reversed at L =20 pm
compared to 18 pm in Fig. 4(b). In order to understand the
conversion clearly, Hz field distributions and phase shift of
the proposed structure with two different stub heights are
stigated in Figs. 4(c) and (d). The stub resonator and
1 wall are antiphase (D point) at first and then in-phase
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t=1pym, a=0.2pm, d =25 pm.

(B point) at L =18 pm shown in Fig. 4(c) and the lower
mset of Fig. 4(b), respectively. The corresponding
interference between the stub resonator and metal wall is
destructive initially and then constructive, which generates
the asymmetric Fano-type transmission spectrum. In addition,
the phase shift of the proposed structure at L =20 um is
different from that at 18 pm, as shown in Fig. 4(d). Therefore,
the incident light has different degrees of phase shift after
passing through the structure with different stub height,
resulting in the conversion of Fano line shape.

Fig. 5(a) shows transmission spectra with the stub
resonator width L, varying from 8 to 16 pm. Note that the
stub resonator width plays an important role on the effective
RI (n ) of the proposed structure and the coupling strength
between stub resonator and MDM waveguide, which
indirectly affects the variation of Fano transmission spectra.
As L, increases, the Fano resonance peak shifts from 3.11 to
3.23 THz due to the decreasing 7 . In addition, the
transmission first increases owing to the decreasing coupling
loss between stub resonator and MDM waveguide. Then it
decreases due to the increasing reflection and enhanced
coupling strength, where the maximum transmission is 0.6 at
L, =10 pm. The Fano resonance peak is red-shift and blue-
shift with the increasing stub resonator height and width, and
peak is more dependent on the stub resonator height than the
width, which 1s demonstrated in Figs. 4(a) and 5(a). This is
because that Fano resonant wavelength has a linear
relationship with #_; and stub resonator height shown in Eq.
(I). Meanwhile, n_ is inversely proportional to stub
resonator width and has little correlation with width.
Moreover, Fano transmission spectra with L, varying from
24 to 32 pm is plotted in Fig. S6(b) of the Supporting
Information. It depicts that there is also a conversion from
Fano-type to Lorentzian-type transmission spectrum as L,
increases to 29 um, which is similar to the conversion with
different L, .
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= 0.2um, d =25 pym.

Since the metal wall can be placed in an arbitrary position
away from the stub resonator, Fano transmission spectra with
different distance ¢ are investigated in Fig. 5(b). As d
increases from 23 to 31 pm, the resonant frequency shows a
red shift from 3.18 to 2.90 THz This is because that the
phase shift & has a linear relationship with d described in

the theorical analysis, which directly affects the variation of

the Fano resonant frequency. Furthermore, the corresponding
transmission is fluctuating and has a nonlinear relationship
with d . It is due to the factor that ¢ affects the interference
strength between stub resonator and metal wall, and further
results in the variation of the reflection of this structure,
ultimately affecting the transmission. Moreover, as d
increases to 26,55 pm, transmission spectra transform from
Fano to Lorentzian line shape, as shown in the inset of Fig.
5(b). It can be explained that the strong destructive
interference disappears between the stub resonator and metal
wall at @ =206.55 pm. At the same time, the stub resonator
manipulates the Lorentzian-type transmission spectrum
independently and the metal wall impacts nothing on it. The
conversion between Lorentzian and Fano line shape can be
realized by adjusting the stub resonator height and width, as
well as the position of the metal wall. Furthermore, from Fig.
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=1 pm,

S6(c) in the Supporting Information we can see that the metal
wall in the left or right side of the stub resonator results in the
similar phenomenon.

Considering that the reflection coefficient » is an
important factor on Fano transmission spectrum presented in
Eq. (5), we investigate the effect of geometric parameters on
r by simulation, as shown in Fig. 6. Fig. 6(a) shows the
relationship between the transmission and aperture size a
which wvaries from 0.2 to 3 pm. It exhibits that the
transmission increases with the increasing «a , which is due to
the decreasing »r and non-radiative loss A, as shown in the
inset of Fig, 6(c). It can be found that r and A are highly
sensitive to the variation of ¢ . In addition, we can find that
the Fano resonance dip remains unchanged due to the factor
that it is not determined by the metal wall but the stub
resonator. However, Fano resonance peak blue-shifted from
3.11 to 3.35 THz. This is because that » decreases with the
increasing « , and the destructive interference between the
stub resonator and metal wall gets weaker with smaller »,
which ultimately induces the broadening of the FWHM. Due
to the invariant Fano resonance dip and increasing FWHM,
the peak is far away from the dip and blue-shift. Fig. 6(c)
shows that with the decreasing « , Q-factor of Fano
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analyzed by SMT [49], [50]. The resonant wavelength of
single stub-coupled waveguide structure can be described
as [47]:
_ 4”»‘.&?"{1
T 2m-Ad(A)/1
where the effective RI #; is inversely proportional to the
width of MDM waveguide and stub resonator, Ag(A) is the
phase change of the incident light, m is the order of the
resonance mode. According to Eq. (1), the resonant
wavelength of this structure is proportional to the height of
stub resonator, which is consistent with simulation results
shown in Fig. S3(b) in the Supporting Information.
According to the SMT [49], transmission and reflection
spectra of the single stub-coupled waveguide structure can
be derived as:

m=12,3,... (1)

“m

(f =1 )l +(l/7, )
(r{ i f;] )2 * [l ru + Ir. )1

(/7
(f=fy+r, +Yz,)
where f, is the resonant frequency, l/r, and 1/,
represent the decay coefficient of the field due to intrinsic
loss and coupling loss of the proposed structure,
respectively [51]. To simplify the theoretical model, the
intrinsic loss is not considered, thus transmission and
reflection spectra of the single stub-coupled waveguide

Tlf=

(2)

R(f)= (3)

structure are obtained by Egs. (2) and (3) shown in Fig. 2(a).

The transmission reaches minimum 7T

© =0 at f=33
THz, which matches well with simulation results.

In order to break the symmetry line shape and obtain the
sharp and asymmetric Fano transmission spectrum, a metal
wall with an aperture is introduced at a certain distance
gam the center of stub resonator. The metal wall is
rded as a partially reflective element because the light
artly transmitted and partly reflected when passing
ugh it. Transmission spectra of the Fano resonance can
salculated by combining the transfer matrix of stub
sonator and metal wall [50]. Thus, the scattering matrix
for the Fano structure with the incident wave at a frequency
[ is expressed as:

S, S,
. - ?:ru |'I\'T1'3?-:wu'£'
S+.5 e S' 1

i(f - )2, 2z,
NES A i(f= 1)
=21, i(f-f)-2/r,

i(f = 1y) i(f = f)

e’ 0 | =1 =[-8
0 e \ifi—p2] v 1] 8, @
and T, are the transfer matrix of stub

resonator and metal wall, respectively, T, is the phase
matching matrix. &

where T

cavity

is the phase change of the light
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FIGURE 3. Characteristics of the Fano resonance with different
structure parameters of the proposed structure. Simulated transmission
(black solid curve), reflection (red dotted curve) and loss (green dotted
curve) spectra of the proposed system with parameters set as (a)

L, =20 pym, L,=w=10 pm, =1 pm, a= 04 pm, d = 20 pm,(b)
L, =20pm, L,=8 pm, w=18 pm, ¢=1pm, a=0.2 pm, d =25 pm,
and (c) L, =20 ym, L, =8 pym, w=18 pm, =25 pm, 4= 0.2 pm,

d =25 ym. H: field distributions at points B and C are shown in the
insets.

propagating from stub resonator to metal wall, defined as
d=2xfdfc, ¢ is the velocity of light in vacuum. ¥ is the
reflection coefficient of the metal wall shown in Fig. S3(c)
in the Supporting Information.

And transmission spectra of the proposed structure can
be derived as:

5

e i f) |

Q@a(f - f,)+2i/7,)e* =2ire” [z,|

P

S,

T=

(5)

o

Transmission spectra of Fano resonance calculated by Eq.
(5) in theory are shown in Fig. 2(b). It indicates that
theoretical results are in accord with simulations, while
slight deviation is mainly caused by the intrinsic loss of the
structure and additional phase shift introduced by the stub
resonator. More comparisons with different parameters can
be found in Fig. S5 in the Supporting Information. In
addition, strong local electric field can be generated due to
the interference effect of the proposed structure, shown in
Figs. 2(c) and (d). Fig. 2(c) shows that electric fields mainly
focus on the stub resonator at the Fano resonance dip due to
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(b) The simulation result (black solid line) and theorical result (red dotted line) of transmission spectra based on MDM waveguide coupled with stub
resonator and metal wall. Geometrical parameters are set as L, =20 pm, L, =w =10 ym, 1 =1 pm, a = 0.4 ym, d =20 pm, with I/r, =r41.il.f'.i~" -

4x1012, . =3.3 THz. Electric field |Ei and electric field vector distributions at the Fano resonance (c) dip and (d) peak, and the length and direction of

white arrows represent the amplitude and direction of E | respectively.

analyses on propagation loss are presented in Supporting
Information.

Fig. 1(c) demonstrates that Fano resonance 1s induced by
the interference between the stub resonator (discrete mode)
and metal wall (continuum mode). But it 1s not clear what
kind of interference it is. In order to illustrate the
interference mechanism clearly, Hz field distributions at
the Fano transmission dip and peak are depicted in Figs. 1(d)
and (e), respectively. Fig. 1(d) reveals that the propagation
of the incident light i1s inhibited and reflected at f= 3.3 THz
due to the strong coupling between MDM waveguide and
stub resonator. Meanwhile, due to the in-phase of Hz field
distributions in stub resonator and left side of metal wall,
the constructive interference between them and
further enhances the reflection, leading to the minimum
transmission. Therefore, it can be concluded that the stub

QCcCurs

resonator plays a crucial role in the formation of Fano
resonance dip. On the contrary, Fig. 1(e) exhibits that the
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incident light can effectively pass through the designed
waveguide structure at 3915 THz. The Hz field
distributions in the stub resonator and left side of metal wall
are antiphase and induce strong destructive interference
between them, which cancels the reflection and results in a
sharp transmission peak. Therefore, Fano transmission dip
is mainly determined by the strong reflection of stub
resonator and assisted by the constructive interference
between and
transmission peak is caused by the destructive interference
between them. In addition, the stub resonator and metal
wall act as a Fabry-Pérot cavity with the strong |H;:|2 field

the stub resonator metal wall. Fano

distributions observed in Fig. 1(f). The dynamic process of
Hz field distributions can be found in Supplementary
video.

B. THEORICAL CALCULATION
The characteristics of the proposed structure can be further
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dimensions and makes them difficult to integrate into chips.
Contrarily, MDM waveguide, due to its deep subwavelength
confinement of light, easy fabrication, low propagation loss
and long propagation distance [40]-[42], can be used to solve
these problems. Moreover, it holds compact size and great
promise for THz subwavelength plasmonic device and highly
integrated optical circuits. However, high Q-factor Fano-
based MDM waveguide structure, which is a suitable
platform for sensing application, remains rare explored in
THz band.

In this paper, we propose a THz subwavelength MDM
waveguide structure composed of a metal wall with an
aperture in the center and a stub resonator, which can excite
high Q-factor Fano resonance. The formation of Fano
resonance is not only investigated numerically by finite-
different time-domain (FDTD) solutions but also analyzed by
the scattering matrix theory (SMT). Moreover, the
clectromagnetic field distribution is exhibited to further
explain the mechanism of Fano resonance. Considering the
ohmic losses can weak the SPPs in MDM waveguide, the
propagation distance of SPPs is also calculated. Furthermore,
the effect of structure parameters on Fano transmission
spectra, especially on improvement of Q-factor and the
conversion between asymmetric Fano and symmetric
Lorentzian profile, is clearly demonstrated. Finally, since the
resonant frequency of SPPs excited in MDM waveguide is
highly sensitive to the change of dielectric environment
around metal, a Fano-based THz sensor with a sensitivity of
96480 nm/RIU and a FOM of 195 in the RI range of 1-2 is
studied. In brief, the structure provides new routes for THz
sensing application and subwavelength plasmonic device.

. STRUCTURE DESIGN AND THEORICAL ANALYSIS
A. CONFIGURATION AND NUMERICAL SIMULATION
Figs. 1(a) and (b) exhibit the 3D schematic diagram and the
top view of the proposed MDM waveguide structure, which
consists of a stub resonator and a metal wall with an aperture
in the center. Waveguide-resonator structure is selected
because it can create interesting notch effect. The metal wall
is introduced to break the symmetric profile of waveguide-
resonator structure and realize high-Q Fano resonance. The
orange and white areas represent gold and air (&, =1). The
height L, and width L, of the stub resonator are 20 and 10
pm, respectively. The thickness of the metal wall ¢ is [ pm,
the aperture size @ in the metal wall is 0.4 pm. The distance
d between the center of the stub resonator and metal wall is
20 um, and the width of the MDM waveguide w is 10 pm,
Propertiecs of the proposed structure are numerically
investigated by the two-dimensional FDTD. Note that 2D
simulation results are close to 3D results when structure
thickness is larger than the wavelength of incident light [43].
In addition, simulation time and complexity are obviously
reduced without weakening the accuracy. The dielectric
permittivity of gold is represented by the Drude model [44].
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The Gaussian pulse is injected into the waveguide input and
excites the fundamental TM mode with magnetic field
parallel to the stub resonator. The maximum and minimum
mesh step in the x and y directions are set as 1.8 pm and 0.01
um, respectively. Boundary conditions in the x and y
directions are perfect matched layers. Two power monitors
are set at the input and output of the waveguide to calculate
the incident power 7, and transmitted power T,
transmission T of the THz waveguide structure is described
as T=T, [T Moreover, high frequency structure
simulator (HFSS) are also used to obtain the simulation result
of the proposed structure, which is similar to the result
simulated by FDTD (see Supporting Information, Fig. S1).
The proposed structure can be fabricated by focused-ion-
beam (FIB) and E-beam. First, we use FIB to etch a certain
depth of stub-wall-coupled waveguide structure on Si
substrate. Then we deposit titanium (Ti) film on the surface
of the structure to increase adhesion between gold and Si. In
the end, we can use E-beam to deposit gold on the surface of
this structure. In fact, the simulation results of Al and Ag are
consistent with gold, as shown in Fig. S2 in the Supporting
Information. Characteristics of Al and Ag are obtained by
Lorentz-Drude mode [46] and the experimental optical
constant of Hagemann et al. [45], respectively. Therefore, the
proposed structure shows strong universality and feasibility.
Several metal materials, such as gold, Al, and Ag, can be
selected in practical application.

To better understand the interaction between the stub
resonator and metal wall, the MDM waveguide with only a
stub resonator and with only a metal wall is calculated,
respectively. The transmission spectrum for the single stub-
coupled waveguide structure is shown as the black line in

]

Fig. 1(c), which is a symmetric Lorentzian-like line shape
for notching filter [47]. The transmission spectrum of a
single metal wall with an aperture in MDM waveguide
exhibits continuous broadband line shape shown in the Fig.
1(c) (red line). For waveguide with a stub resonator and a
metal wall, the transmission spectrum exhibits an
asymmetric Fano line shape, which is the green line in Fig.
1(c). It is worth noting that the maximum transmittance is
not 100% but ~95.4% at the Fano resonance peak mainly
due to the ohmic loss of Au and the coupling loss of the
proposed structure, A return loss of 23 dB and
transmission loss of ~0 dB also exist (see Fig, S3(a) in the
Supporting Information). Furthermore, the full width half
maximum (FWHM) of Fano resonance is (0.348 THz, thus
Q-factor is ~11.25 with the definition of Q = f, /FWHM ,
where f, is the resonant frequency. The minimum
transmittance is 0 at the notch frequency of 3.3 THz, which
corresponds to a return loss of 0 dB and a transmission loss
of 60 dB shown in Fig. S3(a) of the Supporting Information.
Meanwhile, the propagation loss per unit distance of
2.836x10*dB/um is calculated by FDTD shown in Fig. S4
in the Supporting corresponding  to
propagation length [48]. More detailed

a

Information,

of ~1.47cm
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FIGURE 1.

Structure design and properties of Fano resonance. (a) 3D diagram of the proposed structure. {b) 2D cross section of the proposed

structure. (c) Transmission spectra of MDM waveguide structure with only a stub resonator (black curve), only a metal wall (red curve), and both stub

resonator and metal wall (green curve). Geometrical parameters are setas L, =20 pm, L, =w =10 pm, ¢ =1 pm, a = 0.4 pm, 4 =20 pm. (d) H: field
distributions at 3.3 THz. {e) Hz and (f) |Hz[' field distributions at 3.915 THz.

and infrared band, such as rectangular resonators [22], [23],
multiple ring or disk resonators [24], [25], stub resonators
combined with ring or disk resonators [15], [26], and
triangular resonators [27]. Furthermore, due to the sensitivity
of Fano resonance to the dielectric region, Fano-based MDM
waveguide has great potential for refractive index (RI)
sensing application. Many related studies devoted to
improving the sensing performance have been reported in
visible and infrared band. In 2016, Zhan et al. found that
adjusting the asymmetry factor of Fano in MDM waveguide
structure can improve the performance of the RI sensor and
achieve a sensitivity of 780nm/RIU, which can also be used
for slow light sensing [28]. In order to investigate the
coupling of different wave modes and break the traditional
method of coupling between cavities, Chen et al. introduced
metallic double-baffle into ring-coupled MDM waveguide to
realize Fano resonance, and obtained a RI sensor with
sensitivity of 825nm/RIU [29]. In 2019, Chen et al. tuned the
transmission spectrum of Fano resonance after the structure
size was fixed, and achieved temperature adjustable Fano-
based sensor with sensitivity of 0.31nm/°C [30]. Zhou et al.
achieved a RI sensor with the sensitivity of 8280nm/RIU in
MDM waveguide structure by introducing metal nanorods
into the T-cavity, which was the highest sensitivity reported
in cavity-MDM waveguide structure [31]. Due to the
development of highly integrated circuits, multiple Fano
resonances achieved in single MDM waveguide are of
practical significance. In 2020, eight Fano peaks were
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generated from the wvisible to near-infrared band by
introducing two metal barriers into ring-stub-coupled MDM
waveguide structure, and a RI sensor with sensitivity of
1062nm/RIU was obtained [32]. Considering figure of merit
(FOM) is also an important indicator of sensor, Zhang et al.
proposed a Fano-based RI sensor with sensitivity of
923nm/RIU and FOM of 710 in MDM waveguide coupled
with  an  equilateral triangle-shaped cavity, which
significantly improved FOM [33]. These studies show that
the sensing performance of RI sensor realized by Fano-based
MDM waveguide structure has been improved in visible and
infrared band. However, compared with terahertz (THz)
Fano-based sensors, the sensitivity still needs to be improved.

In the THz region, Fano resonance is mainly achieved by
the periodic array in metamaterials/metasurfaces and
possesses high sensitivity in sensing applications [34]-[37].
Realizing high quality factor (Q-factor) Fano resonance is of
particular significance to improve the resolution of THz
sensor. However, the plasmonic metamaterials are strongly
coupled to free space and have thin thickness, which leads to
the limitation of possessing high electromagnetic field
confinement. Thus, Q-factors of Fano resonance based on
them need to be further improved and radiation losses need
to be reduced [38]. All-dielectric metamaterials can
overcome these shortcomings of plasmonic metamaterials to
some extent, but they have the problems of diffraction limit
and low field enhancement [39]. Furthermore, the
dependence on periodic structures leads to inevitably large
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ABSTRACT Waveguide structures effectively controlling and guiding terahertz (THz) waves can achieve
interesting resonance effects when combined with resonators. At present, achieving high quality factor (Q-
factor) resonance in THz resonator-coupled waveguide structure is still a critical consideration to expand its
practical application. Here, a high Q-factor Fano resonance based on a metal-dielectric-metal (MDM)
waveguide consisting of a stub resonator and a metal wall with an aperture in the center is investigated
theoretically and numerically in the THz region. The results show that the sharp and asymmetric Fano
resonance peak is induced by the destructive interference between the stub resonator and metal wall which
act as a Fabry-Pérot cavity. Q-factor is obviously improved about 60 times (3.72 to ~225) by introducing
the metal wall into the stub-coupled MDM waveguide. Moreover, Fano resonance can be effectively tuned
by varying different structure parameters. Owing to the high sensitivity of Fano resonance peak to dielectric
surroundings, a large-range refractive index (RI) sensor based on the proposed structure with a high
sensitivity of 96480 nm/RIU is obtained. The figure of merit (FOM) of 195 is greatly improved compared
to other THz Fano-based RI sensors. These results provide possibilities for subwavelength MDM
waveguide structure to apply for THz bio/chemical sensing, bandpass filters, and on-chip highly integrated
plasmonic device.

INDEX TERMS Fano resonance, MDM waveguide, high Q-factor, THz sensing

. INTRODUCTION

Fano resonance was firstly discovered in the autoionizing
states of atoms by Ugo Fano, caused by the constructive and
destructive interference between a discrete excited state and a
broad continuum resonant scattering process [1], [2]. It not
only exists in quantum systems, but also can be realized in

generate strong local electric field due to the interference
effect. In addition, it is highly sensitive to the variation of
geometric parameters and surroundings environment, leading
to great advantages in tunability of Fano transmission spectra.
These properties allow Fano resonance to be widely studied
for these applications, including filters [8], [9], sensing [ 10]-

symmetry-breaking classical systems, such as photonic
crystals, plasmonic nanostructures, gratings, resonator-
coupled waveguide structures, and metamaterials [3]-[7].
Compared to the symmetric Lorentzian profile, Fano
resonance presents a sharp asymmetric line shape and a
dramatic variation from dip to peak with only a small
frequency shift, resulting in characteristics of easy
identification and tracking of resonance peak. And it can also
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[12], slow-light effect [13]-[15], optical switching [16], [17],
nanofocusing [ 18] and modulator [19], [20].

In recent years, metal-dielectric-metal (MDM) waveguide
structure supporting surface plasmon polaritons (SPPs) has
attracted much attentions because of its strong field
enhancement and deep subwavelength confinement [21].
Meanwhile, Fano-based MDM waveguide structure coupled
with different shapes of resonators can be found in visible
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