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Abstract: The all silicon terahertz metasurface with sharp Fano resonance and its sensing
applications with high Q factor have been investigated. Such metasurface, composed of
periodic grooves, can be fabricated by deep silicon etching on high-resistivity silicon. When
the refractive index of the sample changes, the shifted resonance frequency appears
and the resonance intensity can be modulated by altering the surface conductivity. The
Q characteristics of the metasurface and the applications of graphene sensing are then
analyzed and verified. The results indicates that the Q factor of the metasurface can reach
39857, the standard sensitivity is 16042 nm/RIU, and the FOM is 533. Meanwhile, the
characteristics of sensing graphene samples (~1 nm) are very useful for sensing other
ultra-thin materials or biomolecules.

Index Terms: All-silicon metasurface, sharp resonance, refractive index sensing, graphene
sensing.

1. Introduction

Metasurfaces composed of periodic resonant elements have been widely used in terahertz (THz)
biosensors, chemical detection, molecular detection, solution sensing and a variety of other appli-
cations [1]-[6]. Metasurfaces are very sensitive to slight variation in the surrounding environment
[7], [8], because they can enhance the local electric field in a certain frequency band with high
Q factor. In practical applications, a higher Q factor usually implies stronger electromagnetic field
confinement and higher sensitivity [9], [10]. In order to increase the Q factor, many metasurfaces
based on metallic or dielectric structure have been reported in recent years [11]-[14]. Among
them, using Fano resonance is an effective method to improve the Q factor and the sensitivity.
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However, the Q factors of metal-based resonant systems are limited to <~10 due to the inevitable
non-radiative loss [15]. Therefore, the researchers have designed all-dielectric THz metasurfaces
to overcome the ohmic loss of metallic materials and further achieve high Q factor of up to 10000
[16].

The all-dielectric metasurfaces in THz region for different applications have been widely studied
[17]-[20]. Tian Ma et al. reported an all-dielectric metamaterial based on the electromagnetically
induced transparency (EIT) in terahertz range with Q factor of 75.7, sensitivity of 231 GHz/RIU,
and figure of merit (FOM) of 12.7 [21]. Song Han et al. experimentally studied all-dielectric active
terahertz photonics driven by bound states in the continuum (BIC) with measured maximum Q
factor of 250 [ 22]. Subhaijit Karmakar et al. used stacked metamaterials to achieve refractive index
sensing with a sensitivity up to 1 THz/RIU and FOM of around 14.05 [23]. After achieving high
Q factor and high sensitivities based on different principles and structures, one of the major chal-
lenges for terahertz research is that it is difficult to detect very thin samples, called thin films, using
conventional methods [24], so researchers have begun to explore the sensing of ultra-thin samples
with the metasurface. The interaction between metasurface and monolayer graphene has been
studied in recent years. The interaction between monolayer graphene and metal metasurface with
Fano resonance was analyzed theoretically and experimentally in [Ref. 25, which demonstrated
that metasurface can detect an analyte that is /1000000 thinner than the free space wavelength.
Then, Ref. 26 numerically studied the interaction between the metal metasurface and the multilayer
graphene. However, the works related to THz sensing by using all-silicon terahertz metasurfaces
with sharp Fano resonance, especially the layer number sensing for graphene, have rarely been
reported yet. In order to further promote the development of ultra-sensitive metasurface, especially
the detection of ultra-thin materials, it is still of great significance and challenge to design the
all-dielectric metasurface and study its applications with higher Q factor in THz region.

In this paper, the terahertz all-silicon metasurface with sharp resonance has been designed and
its applications in refractive index sensing and graphene sensing have further been investigated.
The all-silicon metasurface is composed of periodic grooves that can be obtained by deep silicon
etching on the high-resistivity silicon. The structure of the metasurface is not only easy to be
processed, but also can achieve Fano resonance with high Q factor. When the analytes with
different refractive index are attached to the metasurface, the frequency resonance will be shifted
and the resonance intensity will also be modulated due to the change of surface conductivity. The
high Q characteristics of metasurface and the applications of graphene sensing have been verified
theoretically and experimentally. By optimizing the structure parameter, both ultra-high Q factor
and FOM have been achieved, which are beneficial to the applications in refractive index sensing.
Meanwhile, the characteristics of sensing ultra-thin samples (~1 nm) provide a promising approach
for sensing in other ultra-thin materials or biomolecules with the high conductivity.

2. Structure Design

The conceptual view of the all-silicon metasurface sensor is illustrated in Fig. 1(a). The metasurface
is composed of periodic grooves with different width and spacing etched on the high-resistivity
silicon. When the metasurface is irradiated by THz waves with electric field along x axis, the Fano
resonance will be excited. Consequently, the THz waves are trapped near the grooves, creating the
sharp dips in the transmission curve of the metasurface. When the refractive index of the sample
changes, the peak resonance frequency of the metasurface will be shifted and the resonance
intensity tends to be modulated for different conductivities of the samples on the metasurface,
which can be utilized for ultrasensitive terahertz sensing.

The micrograph and the geometrical parameters of the metasurface are shown in Fig. 1(b) and
Fig. 1(c). The side view of the metasurface fabricated by deep silicon etching is consistent with the
structure in the simulation model. The periodic unit of the metasurface is composed of three gaps
with different spacing widths, and the main parameters affecting the metasurface performance have
been marked in Fig. 1(c). In order to analyze the resonance intensity and sensing characteristics
of the metasurface accurately, the two-dimensional simulation model has been established by the
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Fig. 1. (a) Conceptual view of the all-silicon metasurface sensor. When the sensor is placed in the
transmitted THz-TDS, the change of refractive index and conductivity of the sample on the metasurface
can be sensitively perceived by analyzing the transmission curve. (b) The top view of the periodic cell
structure, which consists of three gaps with different spacing widths. (c) The side view of the periodic
cell structure, annotating the main structure parameters.

use of the electromagnetic simulation software Comsol Multiphysics. In the simulation model, wave
optical module is used for modeling, the solver adopts frequency domain stationary, and physics-
controlled mesh can be used for mesh setting. The periodic boundary conditions along x axis are
employed to the unit cell and perfect matched layers (PMLs) are set at the ends in the z direction.
Finally, the structure parameters of the metasurface are set as wy; = 95 um, wy, = 160 um, ws =
95 um, g1 =55 um, go = 50 um, g3 = 50 um, hy = 450 um, hy = 50 pm.

It is well known that the Fabry-Perot (F-P) resonance will occur for a dielectric slab when the
refractive index is high enough [27]. The reflection and transmission curves of terahertz waves
passing through high-resistivity silicon with a thickness of 500 um have been firstly calculated.
In the simulation model, the middle part is high-resistivity silicon, the upper and lower layers are
vacuum, and the F-P resonance can be clearly found in Fig. 2(a). The corresponding electric field
distribution at 0.4436 THz shown in Fig. 2(b) indicates that the F-P resonance arises from the
interference of multiple reflections in the two interfaces of the silicon.

When designing the metasurface, it is difficult to excite sharp resonance with symmetrical
grooves structure, so it is necessary to design asymmetrical periodic grooves on the surface. When
the grooves with different width and spacing are etched on the surface of high-resistivity silicon, the
asymmetric periodic structure will form a narrowband dark mode to interfere with the broadband
F-P resonance, exciting sharp Fano resonances [27]. For the sake of convenience without loss of
generality, the resonance peak at 0.4436 THz within the range of 0.4 THz ~ 0.6 THz is taken as an
example, as shown in Fig. 2(c). Fig. 2(d) further shows the electric field distribution at 0.4436 THz,
which reveals that the electric field is tightly confined in the grooves and the silicon surface. The
weakly scattered electromagnetic field generated by resonance effectively prevents the electric
field coupling to the free space, leading to the reduction of the radiation loss, and finally realizing
the sharp Fano resonance. The stronger ability to confine the electric field means the higher Q
factor of the resonance. When the surface is covered with thin film, the ability of the metasurface
to confine the electric field will be weakened, and the electric field intensity in the grooves will be
reduced, which provides powerful conditions for the applications of terahertz sensing. Moreover, as
the electric field is mainly confined in the grooves, the width of the grooves will affect the distribution
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Fig. 2. (a) Reflection and transmission of terahertz waves through high-resistivity silicon with a thickness
of 500 um (b) The electric field distribution of F-P resonance. (c) The reflection and transmission of
Fano resonance at 0.4436 THz. (d) The electric field distribution at 0.4436 THz.

of electric field sensitively, which is benefitial for achieving higher Q resonance by optimizing the
grooves width.

3. Sensing Performance

In order to analyze the resonance characteristics of the all-silicon metasurface, detailed analysis of
the Fano resonance are performed by fitting the transmission spectra using the Fano-formula, as
shown in Fig. 3(a). The Fano formula is given by [28]:

Trano = a1 + iap + b/ (w — wo + iV)|2 (1)

where a;, a; and b are constant real numbers, oy is the Fano resonance frequency, y is the overall
damping rate of the resonance, and the Q factor can be determined as Q = wy/2y. According to
the linewidth and resonance frequency shown in Fig. 3(a), wg = 27x0.4436 THz and Q = 928.

It is well known that the sharp resonance can be applied as an ultrasensitive sensor for refractive
index sensing. Fig. 2(d) indicates that the electric field of the metasurface is confined on the surface,
leading to the sensitive shift of the resonance peak for different refractive index on the surface of
the metasurface.

According to the simulation results, when the refractive index of the analyte increases from 1.0
to 1.2 in steps of 0.05, the resonant frequency is redshift, as shown in Fig. 3(b). The calculation
results show that the sensitivity is 7.5 GHz/refractive index unit (RIU) and the standard sensitivity
of resonance is obtained using the formula [29], i.e.,
dax c

= — = 2
an X 11434nm/RIU (2)

s:‘ = —
fa = dn
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Fig. 8. (a) The Fano lineshape fitting for the transmission. (b) The transmission of the metasurface for
different refractive index of analyte ranging from 1 to 1.2 with steps of 0.05.

where c is the speed of light in vacuum, f; denotes the resonance frequency, and n represents
the refractive index of the analyte. For the sensing application, FOM is usually applied to evaluate
the performance of the ultrasensitive sensor. The FOM of this sensor can be calculated using the
formula [29], i.e.,

S 1 o

Additionally, the resonance variation with and without monolayer graphene covered on the meta-
surface have been calculated to further analyze the sensing performance, as shown in Fig. 4(a). In
the presence of the monolayer graphene, the resonance strength decreases significantly, indicating
that the graphene film with a sheet conductivity of 0.35 mS alters the state of surface electric field.
The thickness of monolayer graphene film is about 1 nm, which is 2/1000000 smaller than the
wavelength of THz waves in free space. It is worth pointing out that the ability to detect an analyte
with a thickness of 1 nm is very useful for sensing other ultra-thin materials or biomolecules with
the high conductivity [25].

In order to characterize the variation in resonance strength due to the addition of monolayer
graphene, the difference between the transmission peaks with and without graphene is defined
as AT = |To-Tg|x100%, where T, and T, are the transmission amplitudes at the dip of the Fano
resonance without and with the graphene layer, respectively, as shown in Fig. 4(a). According to
the simulation results, AT = 43.7%, which is higher than17.28% of Ref. [26] and 30% of Ref. [25],
which also proves that the sensor sensitivity of this all-silicon metasurface to graphene is better
than that of metal metasurface. As the number of graphene layers changes from 1 to 3, the surface
conductivity of multilayer graphene is 0.35 mS, 0.8 mS and 1.2 mS, respectively [30]. When the
number of graphene layers covered on the surface increases from 1 to 3 in the simulation model,
the resonance intensity decreases successively, as shown in Fig. 4(b).

The increase of the conductivity on the metasurface can change the original F-P resonance
mode, and further suppress the Fano resonance, resulting in the active modulation of the trans-
mission amplitude. Moreover, it can be seen from the electric field distribution in Fig. 4(c) that
when the number of graphene layers increases, the strong radiation is coupled to the free space,
which leads to a broader resonance and a lower Q factor. In order to quantitatively compare the
variation of resonance strength with the increase of graphene layers, transmission peaks is defined
as AP = P;-P,, where P; and P, refer to the maximum and minimum values of the resonance
peak, respectively. The calculation results in Fig. 4(d) show that as the number of graphene layers
increases from 0 to 3, the Q factor decreases from 928 to 92, and A P decreases from 0.95 to 0.05,
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Fig. 4. (a) Transmission spectra of the metasurface with and without the graphene layer. Inset shows
a schematic diagram of the transferring monolayer graphene. (b) The transmission spectra of the
metasurface with different layers of graphene. (c) The electric field distribution on the metasurface with
different graphene layers. (d) The variation of parameters AP and Q values with different graphene
layers.

which also prove that the increase of graphene layers leads to the increase of radiation loss and
the suppression of the Fano resonance.

4. Results and Discussion

In order to verify the sensing characteristics of the all-silicon metasurface sensor, the periodic
groove structure has been etched on the high-resistivity silicon with a thickness of 500 um
using the deep silicon etching process. The metasurface samples have been measured by the
homemade THz-TDS, which uses a femtosecond fiber laser that emits ultrashort laser pulses with
a central wavelength of 1560 nm, an average power of 35 mW and a repetition frequency of 100
MHz to drive a pair of photoconductive antennas for generating and detecting the terahertz pulses.
The terahertz waves are focused through the dielectric lens so that the spot diameter at the focal
point is about 3 mm.

During the experiment, first of all, the signals of terahertz waves passing through the air have
been measured as reference signals, and then the metasurface has been measured. Consequently,
the transmission of the metasurface can be calculated. This experimental method can effectively
weaken the influence of water in the air on the transmission curve. The F—P resonance effect can
be clearly seen in Fig. 5(a), and there is a sharp dip in the transmission curve at 0.4438 THz, which
corresponds to the resonance peak at 0.4436 THz in the simulation results. The F-P resonance and
Fano resonance can be characterized by the transmission curve in the experimental results, which
verifies the validity of theoretical calculation and processing technology. Considering the influence
of delay line in the THz-TDS, the scanning time was set at 200 ps and the corresponding spectral
resolution is 5 GHz. Therefore, the frequency resolution of 0.1 GHz cannot be arbitrarily set as in
the simulation, and the peak of Fano resonance measured in the experiment is not as sharp as
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Fig. 5. (a) The transmission of the all-silicon metasurface measured by the homemade THz-TDS. (b)
Raman spectra of the monolayer graphene on the quartz substrate; (c) Transmission spectra of the
metasurface with and without the graphene layer measured by the homemade THz-TDS. (d) The
variation of parameters AP and Q factor with different graphene layers based on the experimental
results.

that in the simulation due to the limitation of frequency resolution. In order to analyze the influence
of fabrication tolerance on the experimental results, the irregular bulge at the bottom of the grooves
and the inclined groove walls have also been considered in the simulation. The simulation results
show that when the structure changes slightly, the resonance will be affected. Fortunately, the sharp
Fano resonance can still be excited. Therefore, the main reason for the decrease of Q factor in the
experiment results is the limitation of the system resolution. In addition, it can be seen from the
Fig. 5(c) that the transmission of the metasurface decreases with the increase of graphene layers
at other frequencies. This is because the increase of graphene layers and the surface conductivity
will inevitably lead to the decrease in transmission. Here, we focus on comparing and verifying the
variation of the Fano resonance peak at the resonant frequency.

The monolayer graphene film with an area of 1 cm? was synthesized by standard chemical vapor
deposition (CVD) process. By using a one-step transfer method in purified water, graphene film
can be gently transferred onto the quartz substrate, and the Raman spectra were obtained with
a 532 nm excitation laser, as shown in Fig. 5(b). The two obvious peaks in the Raman spectra of
graphene are the G peak at ~1591 cm~" and 2D peak at ~2687 cm~", and the nearly disappeared
D peak demonstrates a high quality of monolayer graphene with very few defects [31].

Next, the sensing performance of the metasurface on graphene can be verified. In the experi-
ment, the transmission of 1-layer and 2-layer graphene on the metasurface have been measured
and calculated successively, as shown in Fig. 5(c). According to the calculation methods mentioned
above, the Q factor and AP at the resonance frequency in the experimental results are shown in
Fig. 5(d). It can be seen that the variation trend of Q factor and AP with different graphene layers
in the experimental results are consistent with that of simulation results. Due to the limitation of
the delay line in the THz-TDS, only the variation trend of the resonance peak can be analyzed.
According to the experimental results at 0.4438 THz, the Q factor decreases from 126 to 44 as the
number of graphene layers increases from 0 to 2, while AP decreases from 0.18 to 0.03.
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Fig. 6. (a) The variation of the Fano resonance of the metasurface with different thickness substrates.
(b) The variation of the Fano resonance of the metasurface with different grooves spacing. (c) The
transmission of the metasurface with high Q factor for different refractive index of analyte ranging from
1 to 1.2 with steps of 0.1.
Table 1
Comparison of Q Factor and FOM for Various Sensors in THz Range
Our work Ref. [32] Ref. [33] Ref. [34] Ref. [21] Ref. [16] | Ref. [35]
Q factor 39587 19.2 98.33 60 75.7 10800 3189
FOM 553 3.64 101.67 20 12.7 <20 515

The all-silicon Metasurface with sharp Fano resonance has been verified theoretically and
experimentally, and it can be applied to refractive index sensing and graphene sensing. In fact,
the metasurface sensor can achieve higher Q factor by optimizing and selecting resonances in
different frequency bands.

Since the resonance with high Q factor is excited through periodic groove structure interference
F-P resonance, the frequency of resonance peak will be shifted by changing the thickness of the
substrate. When the substrate thickness h; increases, the resonance frequency will be red shifted,
and the calculation results are shown in Fig. 6(a). In the periodic structure, the spacing width of the
gap is wi, wo and ws, respectively. When the spacing width w, increases, the resonance frequency
will also be red shifted significantly, as shown in Fig. 6(b). Therefore, the resonance frequency can
be adjusted arbitrarily by modifying the structure parameters.

By optimizing the structure parameters, the ultra-high Q factor metasurface sensor can be
achieved, and the geometric parameters are w; = 95 um, wy, = 105 um, ws = 95 um, g, =
35 um, go = 30 um, g3 = 30 um, hy = 350 um, hy = 50 um. The transmission of the metasurface
with ultra-high Q factor for different refractive index of analyte ranging from 1 to 1.2 with steps of
0.1 have been calculated and shown in Fig. 6(c). Using the fitting method mentioned above, Q =
wp/2y = 39587 can be obtained. Additionally, the standard sensitivities of resonances S = 16042
nm/RIU, FOM = 533. Next, the sensor performance of the all-silicon metasurface sensor designed
in this paper is quantitatively compared with other terahertz metasurface sensors. Among them, Q
factor and FOM are mainly compared, as shown in Table 1.

Typical metasurface sensors in the THz range based on different structures and principles are
listed in the table. To the best of our knowledge, the Q factor and FOM of the all-silicon metasurface
designed in this paper are much larger than the previously reported results based on the metal
resonance structures [32], [33] and dielectric structures [16], [21], [35] in THz range.
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5. Conclusion

In summary, the terahertz all-silicon metasurface with sharp resonance and its sensing applications
have been investigated. The metasurface is composed of periodic grooves and can be fabricated
by deep silicon etching on the high-resistivity silicon with a thickness of 500 um. When different
refractive index samples are attached to the metasurface, the shifted resonance frequency appears
and the resonance intensity can be modulated by altering the surface conductivity. The resonance
characteristics and the applications of graphene sensing of the metasurface with Q factor of
928 have been verified. In addition, the resonance frequency and the Q factor can be adjusted
by modifying the structure parameters and selecting resonances in different frequency bands.
By optimizing the structure parameters, the Q factor can reach 39587, the standard sensitivity
of resonances is 16042 nm/RIU, and the FOM is 533, which has significant advantages in the
application of refractive index sensing. Meanwhile, the characteristics of sensing graphene samples
(~1 nm) are very useful for sensing other ultra-thin films or biomolecules in THz range.
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