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Terahertz spectroscopy is a powerful tool to resolve molecular fingerprints by detecting their vibrational
and rotational modes, and has great application potential in chemistry and biomedicine. However, the
limited sensitivity and poor specificity restrict its applications in these areas, where trace amounts of
analytes need to be identified effectively and accurately. Here, we propose a sensing scheme for
enhancing molecular fingerprints based on angle-scanning of terahertz waves on an all-silicon
metasurface. The metasurface consists of a periodic array of silicon cylinder dimers arranged in a square
lattice. An ultrasharp guided mode resonance governed by bound states in the continuum can be
excited by elaborately arranging the silicon cylinder dimers. By utilizing the angle-scanning strategy, two

Received 24th November 2022 kinds of saccharides are successfully identified with extremely high sensitivity. Specifically, the detection
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Introduction

Terahertz (THz) spectroscopy with frequency ranging from 0.1
to 10 THz is particularly promising in the field of non-
destructive testing due to its advantages of high penetration,
low photon energies, and molecular fingerprint patterns.* In
recent years, THz spectroscopy has been applied in many fields
such as physics,* chemistry,” biomedicine,® and environmental
monitoring.” It is worth mentioning in particular that many
biochemical molecules have their vibrational and rotational
modes located in the THz band, which are expressed as their
fingerprints such as absorption and dispersion. This unique
advantage of THz spectroscopy offers great potential for
molecular identification in chemistry and biomedicine.?®
Nevertheless, the interactions between the molecules and THz
waves are quite weak due to the extremely small size of most
molecules in the nanometer scale compared to THz wave-
lengths in the micrometer scale. As a result, a large volume of
analytes is usually required in THz sensing to have observable
fingerprints for detection.'***

In a traditional THz detection method, analytes are usually
detected in the form of solid tablets with a thickness of several
millimeters and a weight of hundreds of milligrams.*> There-
fore, it is inapplicable to the detection of trace amounts of
analytes. To address this issue, it is essential to improve the
sensitivity of the THz detection method in practical
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2, respectively. Our study will provide

a new idea for the detection of trace amounts of analytes, and promote the application of terahertz
technology in chemistry and biomedicine.

applications. Many attempts have been made in this regard, and
metasurface structures such as covalent-organic-framework
absorbers,” graphene metamaterials," near-field THz
enhancements,” split-ring resonators,'®"” metallic gratings,®
antenna arrays,'>*” and waveguide structures®** were used as
sensors to enhance the local electric field and thus to amplify
the fingerprints of analytes. These sensors could enhance the
absorption cross-section of analytes and greatly improve the
detection sensitivity, but they all suffer from large intrinsic
losses and low quality factors, which will lead to a limited
sensitivity for the detection of analytes. Recently, an angle-
scanning strategy was introduced in the metasurface structure
to obtain a wide spectrum band for sensing applications in the
THz band. Utilizing this technology, tyrosine and santonin on
the metasurface could be identified with detection limits of 6.7
pug em? and 59.35 ug cm %, respectively.* The molecular
fingerprints of lactose, 2, 4-DNT, and RDX were amplified about
13, 25, and 25 times, respectively.>* However, the sensitivities in
these reports were slightly insufficient and need to be further
improved,*** and the incident angle of THz waves was scanned
in two different planes (y-z and x-z) in order to allow the
spectrum to cover a wider band, which increased the difficulty
of operation.”

In this paper, a sensing method for enhancing molecular
fingerprints based on angle-scanning of terahertz waves on an
all-silicon metasurface is proposed. The metasurface that
consists of a periodic array of silicon cylinder dimers arranged
in a square lattice can excite guided mode resonance (GMR)
driven by bound states in the continuum (BIC). By manipulating
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the incident angle of THz waves in one plane (x-z), a wide
envelope curve formed by the resonance dips can be generated.
This wide envelope curve covers the absorption resonances of
lactose and glucose. As a result, lactose and glucose can be
recognized using this metasurface, and their detection limits
are 1.53 pg em 2, and 1.54 pg cm 2, respectively, which are
higher than the previous reports.> In addition, the fabrication
of the all-silicon metasurface in our study is much easier,”>
and the acquisition of a wide spectrum band is simplified by
scanning only one plane.* Therefore, this sensing method can
identify the absorption resonances of lactose and glucose with
good accuracy and high sensitivity.

Structure and design

The proposed metasurface is illustrated in Fig. 1(a), which
consists of a periodic array of silicon cylinder dimers arranged
in a square lattice on a silicon substrate. Silicon (relative
permittivity being 11.7) is used as the material for both the
cylinder and substrate because of its low dissipative loss and
high refractive index in the THz region.”® THz waves with TM
polarization are incident on the surface of the metasurface. By
varying the incident angle (6), the resonance dip in the trans-
mittance spectrum will shift, and these shifting resonance dips
eventually form a wide transmittance envelope curve. Fig. 1(b)
demonstrates the unit cell of the metasurface. The geometric
parameters of the unit cell are set as follows, period P, = 245 pm
and P, = 114 um, cylinder radius r = 40 um, distance between
the centers of two silicon cylinders L = 94 pm, cylinder height /4,
= 69 um, and substrate thickness 72; = 72 pm. During the angle-
scanning, the k vector andpolarization of THz waves are in the
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Fig. 1 (a) Schematic diagram of the all-silicon metasurface. (b) The
unit cell of the metasurface.
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x-z plane. The performance of this metasurface (three-
dimensional simulation model) is investigated using the
frequency-domain finiteelement method with the commercially
available CST Microwave Studio (Version 2019), where the
periodic boundary conditions are imposed in x- and y-
directions, and the open boundary condition is used in the z-
direction. The proposed metasurface can be fabricated using
the mature complementary metal-oxide semiconductor tech-
nology,”**” and its transmittance spectrum can be measured
using a THz spectroscopy system working in transmittance
mode.

Results and discussion

Fig. 2 shows the transmittance spectrum of the proposed met-
asurface and the absolute value distribution of the electric field
and magnetic field at the resonance when the THz waves are
vertically incident on the metasurface along the z-direction with
an electric field polarized along the x-direction. It can be seen
from Fig. 2(a) that an ultrasharp resonance dip is located at 0.59
THz. The linewidth (full width at half maximum, FWHM)of the
transmittance resonance is about 5 GHz, and the calculated
quality (Q) factor® can reach 110. At the resonance, the
magnetic field (x-z plane) is strongly localized and confined in
the silicon substrate layer, and the strong electric field (x-z
plane) is concentrated between the two silicon cylinders, see
Fig. 2(b). Such electric field distribution can provide effective
interaction between the field and analytes and will have great
potential in sensing applications. In our structure, the silicon
substrate is considered as the waveguide layer while the silicon
cylinders are regarded as two-dimensional gratings.” In this
case, the incident THz waves can be coupled to the waveguide
mode through diffraction and thus excite the GMR, indicating
that the observable resonance dip located at 0.59 THz is the
GMR.

To get insight into the effect of the distance between the
centers of two silicon cylinders on the transmittance resonance,
the spectral response of the metasurface with various L values
ranging from 94 um to 150 um is analyzed. It can be seen from
Fig. 3(a) that the frequency position of the resonance dip shows
a little blue-shift (shifts to higher frequency) while its linewidth
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Fig. 2 (a) Transmittance spectrum of the proposed metasurface

ranging from 0.45 to 0.65 THz. (b) Absolute value distribution of the
electric field (top) and magnetic field (bottom) in the x—z plane of the
metasurface at the resonance.
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Fig. 3 (a) Transmittance spectra of the metasurface with different L
values. The red pentagram is the accidental BIC. (b) Two-dimensional
diagram of transmittance as a function of frequency and parameter L.
The white pentagram is the accidental BIC.

is becoming narrower as the L value is close to 122 um. When L
equals 122 pm, the resonance dip vanishes (see the red penta-
gram), which means that there is no leakage energy in the
channel between the bound state and the free space continuum
and indicates the existence of BIC.** This phenomenon is due to
the fact that continuous tuning of the distance between the
cylinder dimers can satisfy certain destructive interference
conditions of an “accidental” (parameter-tuned) BIC. Fig. 3(b)
shows the two-dimensional diagram of transmittance as
a function of frequency and parameter L. One resonance dip can
be seen and it becomes sharper as L approaches 122 um and
eventually disappears at an L value of 122 pm (see the white
pentagram). As the L value decreases or increases from 122 um,
the resonance dip appears again with a gradually increasing
linewidth, demonstrating that this resonance dip is trans-
formed from BIC into quasi-BIC with a finite Q factor.*

To characterize the spectral response of the metasurface, the
dependence of transmittance resonance dip behavior on the
incident angle @ is investigated. Fig. 4(a) depicts the trans-
mittance spectra of the metasurface as a function of incident
angle # ranging from 10° to 45°. There is a unity transmittance
corresponding to each incident angle 6, and the frequency
position of the resonance dip experiences a red-shift (shifts to
lower frequency) while its linewidth remains almost constant as
the incident angle  increases. The Q factor of the resonance dip
remains high for all incident angles with an average value of
216. Fig. 4(b) shows a two-dimensional contour map of trans-
mittance as a function of frequency and incident angle 6. It is
worth noting that the frequency of the resonance dip has a good
linear dependency on the incident angle ¢. Such an angle-
dependent spectral response can be interpreted by the theory
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Fig. 4 (a) Transmittance spectra of the metasurface for various inci-
dent angles. (b) A two-dimensional contour map of transmittance as
a function of the incident angle (1° to 70°) and frequency. (c) Trans-
mittance spectra (incident angle ranging from 1° to 70°) and the cor-
responding envelope curve of the metasurface.

of GMR,** in which the incident waves pass through the meta-
surface structure at a specific angle and eventually generate
a waveguide mode at the corresponding frequency. In this
waveguide mode, the incident waves can be trapped and guided
within the metasurface. The grating diffraction and wave-
guiding criteria provide the critical condition for the realization
of GMR. By analyzing and processing this condition, the GMR
can be readily achieved as a function of §. Fig. 4(c) shows the
transmittance spectra (6 from 1° to 70° with a step of 1°) and the
corresponding envelope curve of the metasurface. The reso-
nance dips in transmittance spectra for different incident
angles are extracted and further fitted into an envelope curve
(shown as the red line) by interpolation. This envelope curve can
cover a wide range of frequencies, which is important for the
fingerprint detection of analytes. It can be noticed that this
envelope curve is non-resonant (with no resonance dip), which
is beneficial for fingerprint detection. In this case, a resonance
dip that matched the fingerprint of the analyte will be observed
in the envelope curve when the analyte is deposited on the
metasurface.

The sensing performance of this metasurface is evaluated
when 0.16 pm thick lactose is deposited on it. The complex
dielectric permittivity of lactose is characterized by using the
Lorentz model,* and for simple calculations, we only consider
the first-order absorption resonance of lactose at 0.53 THz in
the present study. Therefore, the complex dielectric permittivity
of lactose can be calculated from the following equation,

Ae,w,*
_8°°+Zw2_w2_”,w (1)

where &/(w) is the permittivity, w, is the angular frequency, the
background of lactose is ¢, = 3.145, the oscillation strength
factor is ¢, = 0.052, and the damping rate of the absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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resonance is v, = 1.59 x 10" rads . The complex refractive
index of lactose can be calculated from the following equation,

= n(w) +jk(w) (@)

where n(w) is the refractive index, and k(w) is the extinction
coefficient of lactose. The calculated complex refractive index of
lactose is shown in Fig. 5(a). It is found that the n(w) of lactose
has a significant decrease around 0.53 THz. The k(w) of lactose
shows obvious optical loss within the frequency band ranging
from 0.47 THz to 0.59 THz, and the optical loss reaches the
maximum value of about 0.35 at 0.53 THz. Fig. 5(b) depicts the
angle-dependent transmittance spectra of the metasurface with
0.16 um thick lactose deposition. With the increase of incident
angle, the resonance dip experiences an obvious red-shift while
its transmittance increases first and then decreases, reaching
a maximum value at 0.53 THz for § = 29°, which reflects the
trend of the extinction coefficient curve for lactose (see the red
curve in Fig. 5(a)). This phenomenon can be further explained
by the electric field distribution and magnetic field distribution
shown in Fig. 5(c). At the incident angle of 29°, both the electric
field and magnetic field show a significant enhancement. In
this case, the magnetic field is mainly confined into the wave-
guide layer while the electric field is strongly localized between
the two silicon cylinders. Such electric field distribution can
enhance the interaction of analytes and fields and thus provides
highly sensitive detection. As the incident angle decreases to
17° or increases to 41° from 29°, the electric field and magnetic
field become extremely weak; this is due to the fact that the
resonance dips of these incident angles deviate much farther
away from the absorption resonance of lactose (0.53 THz).

The ability of fingerprint detection for this metasurface is
comprehensively investigated by using lactose and glucose as
detected objects. In the simulation, lactose and glucose are
assumed to be a layer of uniform thin film on the surface of the
metasurface structure. Fig. 6(a) shows the transmittance spectra
(# from 1° to 70°) and the corresponding envelope curve of the
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Fig. 6 (a) The transmittance spectra (incident angle ranging from 1° to
70°) and their corresponding envelope curve for the metasurface with
a 0.01 um thick lactose layer deposition. (b) The transmittance enve-
lope curves of lactose with different thicknesses coated on the met-
asurface. (c) Transmittance at 0.53 THz versus the lactose thickness,
and the red dashed line is the fitted curve.

metasurface with a 0.01 pm thick lactose layer deposition. It can
be seen that the envelope curve shows a maximum trans-
mittance value of 5.91% at 0.53 THz due to the optical loss of
lactose. As a result, an envelope peak located at 0.53 THz indi-
cates that the fingerprint of lactose can be clearly observed.
Fig. 6(b) depicts the envelope curves of the lactose layer with
different thicknesses coated on the metasurface. It is found that
as the lactose thickness increases, the transmittance value at
0.53 THz When the lactose thickness
increases from 0.01 um to 0.16 um, the transmittance at 0.53
THz increases from 5.91% to 11.39%, and the corresponding
transmittance change is 5.48%. The dependence of trans-
mittance at 0.53 THz for lactose thickness ranging from 0.01 pm
to 0.16 um is presented in Fig. 6(c). The fitted equation is esti-
mated to be y = 0.38x + 0.05, where y represents the trans-
mittance at 0.53 THz, and x is the lactose thickness in units of
microns. The correlation coefficient of this fitted curve is 0.98,
indicating a good linear dependency between the transmittance
at the envelope peak and the lactose thickness. The detection
limit (¢) can be calculated using ¢ = p x h, where £ is the
thickness of lactose, and p is the volume density of lactose. In
our study, the thickness of lactose is 4 = 0.01 um, the volume
density of lactose is p = 1.53 g cm ™3, and the minimum thick-
ness of lactose that can be detected is 0.01 um; thus the
detection limit ¢ of the proposed metasurface for lactose
detection is calculated to be 1.53 ug cm 2. These results show
that the lactose thickness can be predicted based on the
transmittance at the envelope peak, achieving the quantitative
detection of lactose.

For the detection of glucose, the transmittance spectrum of
glucose is obtained by measuring the glucose tablet sample
using a commercial THz-TDS system.** Then the complex
refractive index of the glucose is extracted using the data pro-
cessing model based on the Fresnel formula.**?° It is reported

increases as well.
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that glucose has a characteristic absorption peak (fingerprint)
located at 1.40 THz.*” To cover the fingerprint of glucose, the
transmittance envelope curves are obtained by angle-scanning
(6 from 1° to 70°) the metasurface with geometric parameters
of P, =90 um, P, =43 um, r =15 um, L = 36 um, A, = 28 pm and
h, = 27 um. Fig. 7(a) shows the complex refractive index of
glucose within the frequency range of 1.26 to 1.56 THz, and the
black curve represents the complex refractive index obtained by
experiment while the red curve is the complex refractive index
obtained by fitting. It can be seen that the refractive index n(w)
of glucose has little variation with an average value of 1.68,
while its extinction coefficient k(w) shows remarkable change
with a maximum value at 1.40 THz that corresponds to the
fingerprint of glucose. The transmittance spectra (¢ from 1° to
70°) and the corresponding envelope curve of the metasurface
coated with a 0.1 um thick glucose layer are shown in Fig. 7(b). It
can be seen that the envelope curve has a maximum trans-
mittance of about 9.5% and thus shows an envelope peak at
1.40 THz because of the optical loss of glucose. Fig. 7(c) shows
the envelope curves of glucose with different thicknesses
deposited on the metasurface. As thickness increases from 0.05
to 0.20 um, the transmittance at the envelope peak increases
from 5.20% to 15.98%, and the corresponding transmittance
change is 10.78%. The transmittance at the envelope peak
versus glucose thickness ranging from 0.01 pm to 0.20 um is
presented in Fig. 7(d). There is a monotonic increase in the
transmittance at 1.40 THz as the thickness increases, and the
fitted equation is estimated to be y = 0.75x + 0.01, where x and y
represent the thickness of glucose and transmittance at 1.40
THz, respectively. The correlation coefficient of this fitted curve
is 0.99, indicating a good linear dependency between the
glucose thickness and the transmittance at 1.40 THz. In our
study, the thickness % of glucose is 0.01 um, the volume density
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Fig. 7 (a) The experimental (black curve) and fitted (red curve)
complex refractive index of glucose. (b) The transmittance spectra
(incident angle ranging from 1° to 70°) and the corresponding enve-
lope curve of the metasurface with a 0.1 um thick glucose layer
deposition. (c) The transmittance envelope curves of glucose with
different thicknesses coated on the metasurface. (d) Transmittance at
1.40 THz versus the glucose thickness, and the red dashed line is the
fitted curve.
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p of glucose is 1.54 g cm >, and the minimum thickness of
glucose that can be detected is 0.01 pm; thus the detection limit

(o) of the proposed metasurface for glucose is 1.54 pg cm™ >,

Conclusions

In conclusion, an all-silicon metasurface based on angle-
scanning has been proposed, which greatly improved the
detection sensitivity in the THz range. The metasurface is
composed of a periodic array of silicon cylinder dimers
arranged in a square lattice, and GMR with a high Q factor
governed by BIC can be excited when the THz waves are verti-
cally incident on this metasurface. In this case, the magnetic
field is strongly localized and confined in the silicon substrate
while the strong electric field is concentrated between the two
silicon cylinders. With the help of the angle-scanning strategy,
a wide transmittance envelope curve that covers a wide range of
frequencies is produced. Then the resonance dips in trans-
mittance spectra are extracted to form an envelope curve that
has non-resonance characteristics, which is beneficial for
fingerprint detection. The performance of fingerprint detection
using this technology is investigated theoretically and experi-
mentally, and the qualitative and quantitative detection of
lactose and glucose can be successfully achieved with detection
limits of 1.53 pg cm ™2 and 1.54 ug cm ™2, respectively. Our study
indicates that the proposed metasurface combined with the
angle-scanning strategy has great potential for fingerprint
detection of trace amounts of analytes in the THz region. We
believe that our findings will provide a basis for performing
further experiments. And the effects of the THz spectroscopy
system such as its spectral resolution and signal-to-noise ratio
need to be taken into account, which is what we are going to
focus on in the following study.
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