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phene (SLG) and ultra-thin analyte. Meanwhile, due to the unique nonlinear enhance-
ment mechanism in graphene tuning, the absorption envelope distortion is inevitable.
To solve this problem, a universal fingerprint spectrum inversion model is developed
for the first time, and the restoration of standard fingerprints reaches R,,.,,* = 0.99. In
addition, the asynchronous voltage tuning of the metasurface provides an opportunity
for realizing the dynamic reconfiguration of EIT resonance and the slow light modula-
tion in the broadband range. This work builds a bridge for ultra-wideband THz finger-
print sensing of trace analytes, and has potential applications in active spatial light
modulators, slow light devices and dynamic imaging equipments.
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Introduction

THz technology has been widely applied in exploring the front-field of life science
related to biological tissues, cells and even DNA scales due to its unique advantages
such as nonionizing, strong penetration and excellent time resolution [1-4]. Likewise,
obtaining terahertz fingerprint spectra of molecules provides a powerful tool for label-
free identification of substances and in-depth study of important information such as
molecular spatial structure, framework vibration, and intermolecular interaction [5-7].
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In general, since the tableting samples (thickness > mm or mass > mg) provide suffi-
cient light attenuation depth, conventional THz technology can easily obtain their THz
absorption fingerprint features based on the Beer—Lambert law [8, 9]. However, the
trace analytes (thickness < pm or mass < pg) collected in many scenarios have a very
small absorption cross-section [10], which do not match the detection wavelength. This
will lead to weak light-matter interaction and seriously hinder the application of THz
technology in the field of trace analysis. Fortunately, the proposed optical metasurfaces
in recent years provide the possibility to overcome this obstacle, which can confine the
incident light in their resonant cavities and form a strong local near-field, thus greatly
promoting the light-matter interaction [11-16]. Some reported metasurface-based THz
sensing methods can obtain the refractive index frequency shift or absorption amplitude
change caused by the analyte through the resonance detection peak, so as to realize the
detection of samples such as cells [17-19], proteins [20-23], DNA [24, 25] and viruses
[26]. However, the material and structure of previous metallic or dielectric metasurfaces
are difficult to adjust after fabrication. And the isolated and narrow-band distribution
characteristics of their resonance peaks will result in extremely limited information on
frequency shift or amplitude change detected [27-31]. More importantly, obtaining
multiple THz fingerprint features (> 2) of the analyte in the broadband range is the key
to further study the molecular conformation and accurately distinguish different sam-
ples to avoid 'false positive’ diagnosis [32—34]. Therefore, how to achieve broadband tun-
ing and detection of resonance excited by metasurfaces has become an urgent problem
to be solved.

To address this issue, resonance multiplexing methods based on multi-pixel [35] or
angle manipulation [36] have been put forward. The former relies on a combination of
multiple metasurfaces (10 x 10 Piexls) to achieve full coverage of target spectra, and the
latter achieves broadband spectral tuning by manipulating the incident angle between
0° and 60°. They all realize the mid-infrared absorption fingerprint retrieval of trace
analytes such as proteins through relatively discrete resonance frequencies, and similar
work has been further tracked and reported [37-39]. However, considering the matching
between the spot and the metasurface size in the THz band, the multi-pixel scheme usu-
ally requires fabricating and assembling a series of complex micro-nano structure arrays,
and which puts forward more injection amount demands for the analyte [40]. While for
the angle-multiplexed metasurface, fussy angle manipulation and deflection devices con-
figurations are essential, and the tuning bandwidth of a single chip is relatively narrow,
which will inevitably bring challenges to equipment cost and system integration [41].
Here, the convenient single-pixel metasurface design is obviously more recommended,
because its chip working area can be controlled as small as possible, so as to make full
use of the limited trace samples for sensing. Recently, the introduction of photoactive
or electroactive materials (Germanium, Silicon, liquid—crystal and 2D materials, etc.)
provides a new dimension for the tunability of resonance frequencies excited by meta-
surfaces, and has been used to develop optical switches [42, 43], spatial light modula-
tion [44, 45], polarization conversion [46], beam steering [47, 48] and sensors devices
[49]. Among them, graphene, as a 2D carbon atomic crystal, exhibits excellent electro-
optics properties in the entire infrared region [50—52], and has good on-chip integration
potential and device compatibility. And its conductivity can be continuously adjusted by
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electric gating or photo-induced doping-controlled Fermi level changes. Therefore, gra-
phene can be used as an ideal choice for the development of broadband resonance tun-
able metasurface [53, 54]. It is worth mentioning that the graphene resonator with only
one atomic layer thickness is very conducive to the uniform coverage of trace molecules,
and its bound light field can also achieve approximately perfect spatial overlap with the
analyte. Those unique advantages that traditional metallic or dielectric resonators do not
possess are crucial for THz fingerprint sensing of trace molecules. Because this will be
more benefit for enhancing the absorption signal of the molecule, and even highlighting
the weak fingerprint difference between chiral optical isomers [55].

In this work, we present a single-pixel reconfigurable graphene metasurface design
based on EIT, which can realize ultra-wideband (~ 1.5 THz) THz fingerprint enhance-
ment sensing of trace molecules and accurate identification of chiral drug optical iso-
mers based on synchronous voltage tuning scheme, with its LoD < 0.64 upg/mm?
Compared with the bare substrate detection method, this metasurface provides a sig-
nificant signal enhancement factor of up to 17.4 dB. To solve the problem of absorption
envelope distortion caused by nonlinear enhancement mechanism in graphene tuning, a
universal fingerprint spectrum inversion model is developed for the first time. And this
model realizes the ideal restoration to standard fingerprint lineshapes (R,,.> > 0.99). In
addition, utilizing the naturally reconfigurable characteristics of the proposed metasur-
face, the asynchronous voltage tuning scheme can be executed to realize the dynamic
tailoring and slow light modulation of EIT resonance in the broadband range. The cou-
pled harmonic oscillators model is introduced to explain the related modulation mech-
anism. Our results show that the proposed metasurface can serve as a high-precision
ultra-wideband THz fingerprint sensing platform for trace molecules and chiral optical
isomers, and will be promoted and applied in the fields of active photonic sensors, opti-

cal manipulation and imaging equipments.

Design and methods

Figure 1 shows the schematic diagram of the proposed reconfigurable graphene metasur-
face. In the demonstrated double-channel voltage tuning scheme described in Fig. 1a, the
up ring chain resonator (U-RCR) and down ring chain resonator (D-RCR) are connected
with corresponding electrode contacts respectively, and the Fermi level of graphene can
be manipulated by electric gating. Then, under the radiation of THz pulse, the in-plane
graphene resonator with quasi-metallic properties will excite the EIT effect, and the cor-
responding constrained electromagnetic field will promote strong light-matter interaction.
The geometric parameters of the lattice are described in Fig. 1b. Here, the periods along
the x- and y-directions are P, = 18.5 pm and Py = 37 um. As mentioned above, in order to
facilitate the distinction, we have defined the up and down ring chain resonator in the lat-
tice as U-RCR and D-RCR, respectively. In the x—y plane, L = 15 um, W = 2.5 um, D =3.5
um, G; = 1.5 um, and G, = 6 pm. It should be noted that the adjacent periodic graphene
ring chain structures are naturally connected, thus forming conductive pathways. The
device architecture is shown in detail in Fig. 1c. Separate source and drain electrode com-
binations are distributed on the left and right sides of the top of the device. The single-layer
graphene resonator arrays are configured between the electrodes, with an Al,O, dielectric
layer below as the isolation. The substrate material is silicon and is configured with bottom
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Fig. 1 Design concept of the proposed reconfigurable graphene metasurface. a Schematic diagram of
graphene metasurface. Here, The Fermi level of graphene can be manipulated by double-channel voltage
tuning, thereby achieving the multi-functional multiplexing of the metasurface in a broadband range (0.5 ~
2.0 THz). b The geometric parameters of the lattice. The periods along the x- and y-directions are P, = 18.5
pm and P, = 37 um. For the single-layer graphene structure in the x-y plane, L = 15 um,W = 2.5 um, D =
3.5pum, G, = 1.5 pm, G, = 6 um. The purple frame marks that adjacent periodic structures are connected as a
'ring chain’ ¢ Visualization of the device architecture. The metasurface consists of top gold electrodes (source
and drain electrode), single-layer graphene resonator arrays, an aluminum oxide (Al,Os) dielectric layer, silicon
substrate, and bottom gold electrodes (gate electrode)

gate electrodes. The thicknesses of the electrodes, the dielectric layer and the silicon sub-

strate are set to be t = 50 nm, ty, = 60 nm and t,;, = 300 pm, respectively. Based on the

cle
synchronous voltage tuning scheme, THz fingerprint enhanced sensing of trace molecules
in the ultra-wideband range (0.5 ~ 2.0 THz) can be realized. In addition, the asynchronous
voltage tuning scheme can also be executed to achieve broadband reconstruction of EIT
resonance, thereby expanding the functional application of the metasurface.

In the THz band, graphene can obtain uniform electrical doping by applying a gate

voltage bias. For graphene with a single atomic layer thickness (t,., = 0.34 nm), its elec-

gra
tro-optics properties can be described by an effective surface conductivity model [56, 57],

which includes the intraband and interband transitions:
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Where e is the electron charge, kg is the Boltzman constant, T is the operation temper-
ature, 71 is the reduced Planck constant, w is the angular frequency of the incident light,
7 is the carrier relaxation time, and Er is the Femi level. For the lower THz frequency
domain (iw < 2Ep), the contribution originated from the interband transition can be
ignored according to the Pauli Exclusion Principle. Therefore, the surface conductivity of
graphene can be simplified to the Drude-like model:

e2Er i

T 72 (0+ij7) @
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where the carrier relaxation time T = (uEr)/ (evFZ), and the Fermi velocity v=1 x 10°
m - s~1, Here we employ carrier mobility u= 2 x 10* cm? - V™! -s71, which is achievable
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for the high-quality graphene obtained by the mechanical exfoliation or chemical vapor
deposition (CVD) method [58—60]. In addition, the carrier relaxation time v may have a
very weak dependence on the frequency w and the Fermi level Er [61], but it will not sig-
nificantly affect the main conclusions drawn in our work. The conductivity model pre-
dicted by the Eq. (1) and Eq. (2) shows that the electro-optics properties of graphene
in the THz band can be continuously adjusted by manipulating the Fermi level. As our
proposed metasurface design shows, as a classic capacitor structure, the Fermi level of
graphene can be accurately manipulated by applying different gate voltages V; accord-
ing to Ep (V) = hvp/maVj [62]. In addition, configuring an ultra-thin Al,O; dielectric
layer can effectively increase gate capacitance and improve the tuning performance of
the metasurface [63]. Here, other methods, such as combining the ionic gel top grid to
regulate graphene, are not preferred [64], because under the physical isolation of the gel
layer, the space overlap between the confined field in graphene and the ultra-thin sample
layer cannot be fully utilized in sensing.

In this work, numerical calculations were carried out using the commercial finite ele-
ment software Comsol Multiphysics (version 5.6). Floquet periodic conditions were set
in free space along the x- and y-directions, a perfect match layer (PML) was taken in the
z-direction as the absorption boundary. The excitation field was an x- or y- polarized
plane wave propagating along the z-direction. The permittivity of the Al,O, dielectric
layer and silicon substrate are taken as €4, = 7.5 and ¢4 = 11.7, respectively [64]. Gra-
phene is set as a quasi-two-dimensional material characterized by transition boundary
conditions (TBC). Convergence results were obtained by setting the grid smaller than
the critical structure minimum size.

The fabrication process of metasurface device can follow the steps below [62, 65]:
1) An ultra-thin Al,O, dielectric layer is grown on pre-doped silicon substrate by
atomic layer deposition (ALD) method. 2) The prepared high-quality single-layer
graphene is transferred to the top of the dielectric layer, and then uses electron beam
lithography (EBL) for patterning. 3) The required gold electrode contacts are pre-
pared by evaporation process and conventional lithography technology, and con-
nected to the voltage sources by flying wires. In addition, some improved processes
have been proposed in recent work, such as prefabricating protective layers for gra-
phene and adding annealing steps [52, 66], which can further avoid the undesired
air oxidation, photo-resist contamination and other damage to graphene, thereby
improving the yield rate of devices.

Results and discussion

EIT characteristics excited by graphene metasurface

In atomic physics, the quantum in excitation states will produce a narrow transparency
window with a sharp dispersive property due to the destructive interference, namely the
electromagnetically induced transparency effect (EIT) [67, 68]. Inspired by this phenom-
enon, the EIT-like effect has been simulated in the optical waveband through the ’bright
and dark’ mode, the ’bright and quasi-dark’ mode or the ’bright-bright’ mode [69-71].
The high dispersive property of EIT effect also helps to solve the issue of radiative loss in
plasmonic systems, and has unique application advantages in the sensing field [49, 72, 73].
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Here the unique chain structure is employed to produce the EIT analogue. The resonance
transmission spectra excited by graphene U-RCR or D-RCR alone are given in Fig. 2a, and
their Fermi level are defined as Er; and EFry, respectively. Here, we choose the condition of
Ery = Ery =2 €V to discuss in depth. It can be found that under the x-polarized THz wave
incidence, the U-RCR or D-RCR alone will excite LC resonance (LC; or LC,) at 1.58 THz
or 2 THz, respectively, and exhibit Lorentz lineshape. Next, in Fig. 2b, we assemble the
U-RCR and D-RCR, and speculate that the EIT effect will be excited based on the coupling
between the LC, and LC, resonances. And under the x-polarized incidence, a sharp trans-
mission window (1.77 THz) with 48% efficiency appears between the two LC resonances,
which validates our hypothesis. In addition, under the influence of mode coupling, the fre-
quency position and resonance intensity of two LC resonances have also changed slightly.
We also monitored the distribution and intensity histogram characteristics of the elec-
tric field in the x—y plane corresponding to three resonance features of EIT transmission
spectrum. As shown in Fig. 2c, for LC; or LC, resonances, only the U-RCR or D-RCR are
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Fig. 2 The characteristics and formation mechanism of EIT resonance excited by the graphene metasurface,
and the stability under various incident conditions. a, b Simulated the resonance transmission spectra (LC,
or LC,) excited by U-RCR or D-RCR alone, and the resonance transmission spectrum (EIT) excited by their
combination, respectively. The inset gives the corresponding structures and polarization conditions. ¢, d
The distribution and intensity histogram characteristics of the electric field in the x-y plane corresponding
to the resonance positions of LC;, LC,, and EIT. e, f Multipolar decomposition and mode distribution of the
graphene metasurface. g, h Simulated the response of graphene metasurface under non-vertical incident
THz waves or different polarization angles incident THz waves. i Calculated the general figure of merit (FoM)
values of EIT resonance corresponding different gap widths G,. The left blue mask is the region cannot be
observed due to resonance fusion. The right yellow mask is the invalid region due to the gap width larger
than the structural limit. The nonlinear fit to the data points was performed, all with R? > 0.99.
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excited, and current oscillations at their gap regions can be observed, which exhibit "bright’
modes. While for EIT resonance, the U-RCR and D-RCR all excite current oscillation, and
overall have a wider range of strong field distribution. It can be determined that the EIT
resonance are obtained by the 'bright-bright’ mode coupling. In Fig. 2d, the intensity histo-
gram characteristics of above electric field distributions are statistically analyzed. The gray
levels corresponding to the background fields of LC; or LC, resonance occupy most of the
pixels. But for EIT resonance, the gray level corresponding to its background field occupies
less pixel values, and that of the working light field occupies more pixel values with rela-
tively uniform distribution in general. The area integrals of the intensity distribution histo-
gram corresponding to LC,, LC, and EIT resonance are calculated, and the result ratio is
ASic, 1 ASic, : ASgrr =7 1 6.5 1 14. Obviously, the mode distribution of EIT resonance
is more beneficial for sensing applications, because the trace sample attached to the sen-
sor may exhibit an uneven distribution in actual detection. And the larger 'hot spot area’
will promote sensor to capture more sample molecules, thereby improving the efficiency
of light-matter interaction.

In order to further analyze the physical mechanism of the excited EIT effect, we per-
formed the Cartesian multipolar decomposition for the far-field scattering power of gra-
phene metasurface, which mainly includes electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ), magnetic quadrupole (MQ) and toroidal dipole (TD). Here,
the high-order components of multipole expansion are ignored in calculation because
their contributions are very small (see Supplementary Material Section 1 for details). As
shown in Fig. 2e, the EIT resonance is mainly controlled by EQ, and the contribution of
MD cannot be ignored, with other multipolar components are being strongly inhibited.
Correspondingly, the surface current distribution in the x—y plane and the z component
of the magnetic field in the y—z plane corresponding to the EIT and two adjacent LC
resonance positions are supplemented in Fig. 2f. It can be found that for the EIT reso-
nance, both the U-RCR and D-RCR excite the radiative EQ mode and have an overall
strong magnetic field distribution (Fig. 2f, middle). While for the two adjacent LC reso-
nances, only the EQ mode and magnetic field distribution corresponding to the position
of the U-RCR or D-RCR are excited (Fig. 2f, left and right). In addition, the response of
graphene metasurface under non-vertical incident THz waves are considered in Fig. 2g.
Under the x-polarization condition, the metasurface maintains nearly 100% linear stabil-
ity for the non-vertical incidence angle within #20°. Figure 2h also shows the response of
graphene metasurface under different polarization angles incident THz waves. It can be
found that the metasurface exhibits good polarization-insensitivity in the range of 0° to
30°. Interestingly, the switching from EIT resonance to Lorentz resonance is observed in
the range of 30° to 90°. We believe that this phenomenon may have potential important
applications and plan to discuss it specifically in future work. It should be noted that the
cavity gap widths (G; = 1.5 pum, G, = 6 um) used in the U-RCR or D-RCR is the result
of optimization. Here, G; is fixed at 1.5 um and adjust the size of G,. A general figure of
merit (FoM) [42] is introduced to obtain the best tradeoff between Q factor and reso-
nance intensity, and it obeys FoM =Q x I, where Q and I are the quality factor and reso-
nance intensity of EIT peak, respectively. In Fig. 2i, for the metasurface at G, = 6 um, the
EIT resonance excited under x-polarization condition corresponds to FoM,,, = 2.06.
Different from the traditional refractive index frequency shift sensing scheme, we focus
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on the detection of trace molecular broadband absorption fingerprints. Therefore, the
robustness and strong resonance intensity of EIT peak are particularly important. We
consider that structural parameters (G; = 1.5 pm, G, = 6 pum) are the ideal results
obtained by optimization, and this scheme is used for analysis in the following work.

Broadband tuning and sensing performance of EIT resonance

Based on the above studies of the EIT resonance mechanism, we next investigate its
broadband tuning and sensing performance under the synchronous voltage tuning
scheme. As shown in Fig. 3a, the synchronous voltages (V; = V,) are applied to the
U-RCR and D-RCR, so that their Fermi levels can be manipulated to change consist-
ently. Under the incidence of x-polarized THz waves, since the LC; and LC, resonances
satisfies the coupling condition, the generated EIT resonance can be freely tuned in a
broadband range with the increase of Fermi levels. The broadband tuning spectra and
scanning envelope of EIT resonance are given in Fig. 3b and c. When the Fermi levels
(Er1 = Erp2) changes from 0.1 eV to 2.5 eV, the peak frequency of EIT drifts from 0.5
THz to 2 THz, thus achieving continuous tuning in the ultra-wideband range of ~ 1.5
THz. It is worth noting that the EIT peak exhibits nearly horizontal displacement char-
acteristics within this bandwidth range. And its sweeping envelope is intuitive and has
robustness, which is helpful for the post-processing of trace molecular sensing finger-
print data. The sweeping resolution of the EIT resonance can also be freely adjusted,
which depends on the performance of the matched voltage source system. In addition,
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Fig. 3 The broadband tuning and sensing performance of EIT resonance under the synchronous voltage
tuning scheme. a Applied synchronous bias voltages (V, = V,) to the U-RCR and D-RCR for manipulating

the Fermi level. b, c The broadband tuning transmission spectra of EIT resonance. The black frame marks the
scanning range of EIT resonance (0.5 ~ 2.0 THz). The cyan dotted line marks the sweeping envelope of EIT
resonance. d Extracted the local electric field enhancement factors corresponding to the EIT resonance at
different Fermi levels. e The perturbation effect of the ultra-thin sample layer (n = 1.5 + 0.2i) with a thickness
of 1 um, and here the EIT resonance corresponds to Fr1 = Erp = 1.5,2, 2.5 eV. f The refractive index frequency
shift caused by analytes with different thickness, and here the EIT resonance corresponds to Ery = £pp =2 eV
(left panel). The maximum refractive index frequency shift caused by analyte with a thickness of 10 um, and
here the EIT resonance corresponds to different Fermi levels (right panel). And the refractive index of analytes
is 2RIU
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as the Fermi level increases, the resonance intensity of EIT peak becomes stronger and
maintains a large amplitude of 10% ~ 50% in the range of > 1 THz. Therefore, facing the
problem of lineshape decay caused by sample absorption during testing, this metasur-
face can ensure stable EIT sensing and recognition capabilities, and has high suitability
to commercial THz spectrometers.

In Fig. 3d, it can be found that the electric field enhancement factors of EIT resonance
at 0.5 eV and 2.5 eV are 196 and 377, respectively. Considering that this difference is far
less than one order of magnitude, we speculate that the sensing performance of EIT res-
onance has consistency in the broadband range. As shown in Fig. 3e, a layer of ultra-thin
analyte with a thickness of 1 pm is simulated and deposited on the metasurface. Con-
sidering the subsequent samples to be tested, we define its complex refractive index as #
= 1.5+ 0.2i. It can be found that the very obvious lineshape perturbation responses are
observed at EIT resonances corresponding to Er; = Erpy = 1.5, 2, 2.5 eV. And the rela-
tive changes of EIT peak amplitude are very approximate, which is beneficial for detect-
ing broadband fingerprints of trace molecules. In addition, for THz fingerprint retrieval,
the contribution of refractive index frequency shift sensing is almost negligible. But for
completeness, we show the refractive index sensing performance of graphene metasur-
face in Fig. 3f. Here, the refractive index of the thin-layer analyte is set to 2 RIU, where
RIU is the refractive index unit. And the frequency shift caused by analyte is calculated
as Af =f(t) — f(t), where f(t) is the resonant frequency when the analyte thickness is
¢t um, and f (%) is the resonant frequency when the analyte thickness is 0 um (bare meta-
surface). Taking the EIT resonance corresponds to Er; = Ery = 2 €V as an example, the
Af increases with the growth the of analyte thickness (1 ~ 10 pm) and reaches saturation
at 10 pm (Fig. 3f, left). This phenomenon can be attributed to the fringing field effect of
graphene metasurface when constraining the electromagnetic energy [56]. It is worth
noting that for the ultra-thin analyte of 1 um, the Af response of EIT resonance is 117
GHz, and accounts for 65% of the maximum Af (180 GHz), which means the metasur-
face is more sensitive to thin-layer analyte. In other words, it shows that most of the light
field energy is confined to the near-surface of the graphene resonator. Therefore, making
full use of the spatial overlap between the electromagnetic field constrained by single-
layer graphene and the ultra-thin sample ( < 1 um) will be more beneficial for enhancing
and obtaining the weak absorption fingerprint signal of trace molecules. At the same
time, as the Fermi level increases, the maximum Af corresponding to EIT resonance
also increases, that is because the quasi-metallic properties of graphene is also synchro-
nously enhanced (Fig. 3f, right). Here we introduce S =Af/An to describe the refractive
index sensitivity of the metasurface, where A is the unit change of the analyte refractive
index, and the maximum sensitivity is calculated as S, = 220 GHz/RIU.

Ultra-wideband fingerprint detection and optical isomers identification of trace chiral
carnitine molecules

After the discuss of broadband tuning and sensing mechanism of graphene metas-
urface, we further evaluate its fingerprint retrieval performance for trace molecules.
The carnitine molecule (C,H;;NOs) is selected as the analyte to be tested, and its chi-
ral optical isomers were L-carnitine and D-carnitine, respectively. It is of great sig-
nificance to realize fingerprint identification of chiral carnitine molecules due to their
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different pharmacological effect and nutritional value [55]. The standard complex
refractive indexes of L-carnitine and D-carnitine in the THz band are given in Fig. 4a
and d, respectively. It can be noted that the real parts of their refractive indexes are
almost the same, which are difficult to be identified by the refractive index frequency
shift sensing method. And they all have two absorption feature peaks with the same
frequency position (1.39 THz and 1.72 THz), and the peak amplitude differences are
very small. Obviously, for trace chiral carnitine samples (thickness < pm or mass <
ug), it is a great challenge to obtain their absorption fingerprint spectra and realize
the identification of chiral optical isomers. Here, an ultra-thin molecular coating with
a thickness of 1 um is simulated and deposited on graphene metasurface (Fig. 4b and
e, insets). Meanwhile, the single-pixel metasurface sensing method is adopted, which
is only based on one kind of resonantor unit to form the periodic array, and relies
on a single chip to complete the broadband fingerprint detection of trace samples.

Under the synchronous voltage tuning scheme, the fingerprint retrieval and signal
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Fig. 4 Ultra-wideband THz fingerprint retrieval and identification of chiral molecules under the synchronous
voltage tuning scheme. An ultra-thin molecular coating with a thickness of 1 um is introduced for analysis.

a, d The complex refractive index of chiral drug molecules L-carnitine and D-carnitine. The insets give their
molecular formulas and chiral structural features. b, e The first-order absorption fingerprint envelopes of trace
L-carnitine and D-carnitine molecules obtained by broadband retrieval based on graphene metasurface. The
inset shows the molecular coatings deposited on the metasurface. The yellow mask is the non-applicable
(N/A) area. The black frame marks the calculation range of the areas under the peaks to be obtained. ¢, f The
second-order absorption fingerprint envelopes, the natural absorption spectra and the calculated signal
enhancement factors of trace L-carnitine and D-carnitine molecules. g The developed nonlinear fingerprint
spectral inversion model. h, i Extracted the ratios of absorption peak amplitudes and the ratios of areas under
the absorption peak in the first-order absorption fingerprint envelopes corresponding to trace L-carnitine
and D-carnitine molecules
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processing of the samples were performed in the broadband range by EIT resonance,
so as to accurately obtained the molecular fingerprint spectra of L-carnitine and
D-carnitine in the range of 0.5 ~ 2.0 THz. In this process, we first define the finger-
print signal retrieved directly by the metasurface as the first-order absorption finger-
print envelope Abs; (f)(l). Secondly, we perform signal processing on Abs; (f)(l), and
the result is defined as the second-order absorption fingerprint envelope Abs; (f) @
The first-order absorption fingerprint envelopes of L-carnitine and D-carnitine are

shown in Fig. 4b and e, which are determined by the following equation:

Abs, () =1 ;0((2 3)

Where T} (f ) is the EIT peak amplitude after introducing the analyte, and T (f ) is the
original EIT peak amplitude. Due to the nonlinear optical field enhancement mecha-

nism of graphene in the Fermi level tuning, the Abs; (f)(l) of L-carnitine or D-carni-
tine exhibits a certain distortion compared with the standard fingerprint lineshape.
But they still maintain a unique corresponding relationship with their respective
standard fingerprint spectra. More excitingly, the weak difference in the absorption
feature peaks of L-carnitine and D-carnitine at the relative high frequency position
(1.72 THz) is significantly enhanced, so that they can be directly distinguished. That
can be attributed to the proposed metasurface improves the efficiency of light-matter
interaction through several mechanisms, including the larger 'hot spot area’ provided
by EIT effect and the ideal overlap between the ideal overlap between the light field
constrained by single-layer graphene and ultra-thin analyte.

To deal with the absorption envelope distortion caused by graphene tuning, a uni-
versal fingerprint spectrum inversion model is developed for the first time (Fig. 4g).
And it can convert the Abs; (f)(l) signal of the analyte into the Abs; (f)(z) signal,
thereby realizing the restoration to standard fingerprints:

M»(EF) = (2 — M1(Ep))"(EF € [0.1,2.5],n > 3) (4)

Where Mj(EF) is obtained by fitting the local electric field enhancement factors
corresponding to the EIT resonance at different Fermi levels and its normalization
(see Supplementary Material Section 2 for details), and # is the correction index, here
take 3. It should be noted that there is a one-to-one mapping relationship between
the interval of independent variate Er and the range of its corresponding EIT peak
frequency positions (see Supplementary Material Section 3 for details). Therefore, the
Absg (f) @ signals of analytes can be obtained by Abs; (f) . M.

Figure 4c and f show the Abs;(f) @ signals (cyan dotted lines) of L-carnitine and
D-carnitine obtained by the fingerprint spectrum inversion model, and their envelope
profiles are basically consistent with their respective standard fingerprint lineshapes.
The correlation coefficient R? is introduced to quantitatively evaluate their similarity.
For L-carnitine and D-carnitine, their similarities are R*> > 0.99 and R? > 0.98 (see
Supplementary Material Section 4 for details), respectively. Compared with the natu-
ral absorption spectra (green dotted lines) of L-carnitine and D-carnitine obtained
on the bare substrate, the final fingerprint signals (Abs; (f)(z)) have been greatly
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enhanced in the ultra-wideband range of ~ 1.5 THz. Here, the frequency-dependent
signal enhancement factor 7 is defined to describe the fingerprint enhancement per-
formance of graphene metasurface [38]:

flAb S (Z)d
n = 10g ff2 ss(f) " df )
FhAbs, (f)df

Where Abs; (f ) @ and Abs, (f ) are the second-order absorption fingerprint envelope
and the natural absorption spectrum, respectively. f; and f> represent the starting and
ending points of the frequency interval, respectively. We calculated the broadband signal
enhancement factors of trace L-carnitine and D-carnitine analytes (Fig. 4c and f, top).
Their overall distribution is relatively consistent, and the maximum enhancement fac-
tors obtained are 14.7 dB and 13.5 dB, respectively. Therefore, the proposed metasur-
face demonstrates its broadband fingerprint sensing ability for ultra-thin chiral carnitine
molecular coating with a thickness of 1 um, and which corresponds to the LoD < 0.64
pg/mm?> For commercial THz spectrometers, their signal-to-noise ratio (SNR) can be
greater than 60 dB, so the LoD of the proposed metasurface has the potential to improve
by at least one order of magnitude in theory.

In the previous discussion, the first-order absorption fingerprint envelope Abs; (f )(1)
signals obtained by metasurface retrieval has intuitively highlighted the absorption dif-
ference of trace carnitine chiral molecules, so that their optical isomers can be quali-
tatively distinguished directly. Furthermore, we proposed a quantitative identification
method of carnitine chiral molecules based on the ratios of absorption peak amplitudes
and the ratios of areas under the absorption peak. In Fig. 4b and e, we also selected the
absorption feature peaks of L-carnitine and D-carnitine and calculated their areas under
the peaks in black frames, respectively. Here, the area under the peak of the feature peak
at 1.39 THz ranges from 1.30 THz to 1.50 THz and that of the feature peak at 1.72 THz
ranges from 1.61 THz to 1.81 THz. The ratios of absorption peak amplitudes and the
ratios of areas under the absorption peak corresponding to L-carnitine and D-carnitine
are given in Fig. 4h and i. It can be found that the feature parameters of L-carnitine (1.99,
1.98) are smaller than those of D-carnitine (3.35, 2.63), thus realizing the quantitative
identification of them. More importantly, this definite intrinsic ratio relationship will not
be affected by the change of sample content and has great robustness. And this quantita-
tive method is expected to be popularized and applied in the fingerprint identification of
other chiral samples in the future.

Ultra-wideband fingerprint detection of trace disease marker GABA molecule

To demonstrate the broad-spectrum performance of proposed metasurface in broad-
band fingerprint retrieval, and to verify the universality of developed fingerprint spec-
trum inversion model, the y-aminobutyric acid (GABA, C,HsNO,) is also selected as
the analyte to be tested. As a neurotransmitter in brain nerve cells, GABA is the key
biomarker molecule to characterize the symptoms of glioma disease. And it is diffi-
cult to realize the fingerprint detection of trace GABA molecules in clinical diag-
nosis [74, 75]. The standard complex refractive index of GABA in the THz band is
given in Fig. 5a. It can be found that GABA has two obvious absorption feature peaks
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Fig. 5 Ultra-wideband THz fingerprint retrieval of trace disease marker GABA molecule under the
synchronous voltage tuning scheme. An ultra-thin molecular coating with a thickness of 1 um is introduced
for analysis. a The complex refractive index of GABA molecule. The inset gives its molecular formula and
structural features. b The first-order absorption fingerprint envelope of trace GABA molecule obtained by
broadband retrieval based on graphene metasurface. The inset shows the molecular coatings deposited on
the metasurface. The yellow mask is the non-applicable (N/A) area. ¢ The second-order absorption fingerprint
envelope, the natural absorption spectrum and the calculated signal enhancement factors of trace GABA
molecule

(1.06 THz and 1.51 THz). Here, an ultra-thin molecular coating with a thickness of 1
pum is simulated and deposited on the metasurface, and the single-pixel metasurface
sensing method is still adopted. And under the synchronous voltage tuning scheme,
the molecular fingerprint spectra of GABA in the ultra-wideband range of 0.5 ~ 2.0
THz were accurately obtained. As shown in Fig. 5b, the first-order absorption finger-
print envelope Abs; (f )(1) of GABA is uniquely corresponding to its standard finger-
print spectrum, and can be directly distinguished from the chiral carnitine molecules
or other samples due to their different fingerprint characteristics. Figure 5c¢ gives the
second-order absorption fingerprint envelope Abs; (f) @ of GABA (cyan dotted line)
processed according to the developed fingerprint spectrum inversion model, and its
envelope profile is very consistent with the standard fingerprint lineshape. For GABA,
the calculated similarity between its Abs(f )(2) signal and its standard fingerprint
lineshape is R* > 0.96 (see Supplementary Material S4 for details). This result further
proves the universality of our proposed fingerprint spectrum inversion model. And in
the future, this model is expected to provide important inspiration and reference for
the signal processing in fingerprint sensing based on graphene metasurfaces. In addi-
tion, compared with the natural absorption spectrum (green dotted lines) of GABA
obtained on the bare substrate, the final fingerprint signals Abs;(f) @ have also been
greatly enhanced in the ultra-wideband range of ~ 1.5 THz. The corresponding broad-
band enhancement factor has a relatively consistent overall distribution, and the maxi-
mum enhancement factor obtained is 17.4 dB. Therefore, the proposed metasurface
demonstrates its broadband fingerprint sensing ability for ultra-thin GABA molecular
coating with a thickness of 1 um, and which corresponds to the LoD < 1.11 pg/mm?
To indicate the superiority of our single-pixel graphene metasurface sensing scheme in
detecting trace molecular fingerprints, we compared its performance with the recently
reported works in Table 1. For the classic multi-pixel fingerprint sensing scheme, it often
represents the combination of a series of chips, which are integrated by multi-block peri-
odic arrays consisted of different types of resonantor units. This type of design inevita-
bly requires the fabrication and assembly of a series of complex micro-nano structure
arrays, and usually have relatively discrete resonance frequencies and low spectral reso-
lution. In the THz band, such schemes may increase the corresponding fabricating and
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on-chip integration costs, and puts forward more injection amount demands for the
analyte. While for the angle-multiplexed metasurface design, a single chip usually has
a narrow tuning bandwidth in the THz band, and fussy angle manipulations and deflec-
tion devices configurations are essential [77, 78]. We also note that the reference [76]
provides a microfluidic-based thickness-multiplexed fingerprint sensing metasurface
design. By adjusting the pumping amount of the trans-decalin filler in the microfluidic
channel composed of SiO, and Topas, thus changing thickness of the substrate, and the-
oretically obtaining a frequency tuning range of ~ 0.8 THz. However, this design requires
the introduction of an additional microelectromechanical operating system, which may
limit the modulation speed of the substrate thickness and bring challenges to the min-
iaturization and integration of the system. In addition, for the trace samples collected in
the actual detection, it is crucial to achieve sufficient matching between sample content
and chip sensing region. The recently reported works may cause the redispersion of trace
samples collected, or the problem that chip sensing region cannot be completely coated.
And the recollection of trace samples for reuse will bring additional operating steps and
the problem of sample secondary loss. While for our single-pixel metasurface sensing
scheme, it will use a smaller chip area to match more samples, thereby optimizing the
detection conditions for trace samples. Obviously, compared with the works reported
in the above references, our proposed single-pixel graphene metasurface design has
irreplaceable advantages in comprehensive comparison including chiral molecular fin-
gerprint enhancement, tuning bandwidth, resonance modulation convenience, system

simplification and on-chip integration.

Reconfigurable characteristics of EIT resonance and its application

In this work, our proposed graphene metasurface also deliver natural reconfigurable
characteristics. For example, the dynamic tailoring, reconstruction and slow light modu-
lation of EIT resonance in the ultra-wideband range can be easily achieved under the
asynchronous voltage tuning scheme. The specific scheme is shown in Fig. 6a. In the
initial condition, the voltage of U-RCR and D-RCR is consistent (V; = V,). Then, keep
V; unchanged and change V, continuously. This series of voltage tuning can manipulate
the Fermi level Er; corresponding to D-RCR, thus changing electro-optics properties of
graphene, and which can realize the active modulation of EIT effect. Figure 6b shows the
evolution process of EIT resonance lineshape corresponding to initial tuning condition
of Er1 = Erp =2 eV. It can be found that when Er= 2 eV remains unchanged, as Er
changes from 2 eV to 1.1 eV, the EIT lineshape gradually decays and eventually switches
to Lorentz lineshape, thus achieving an ideal modulation depth of 100%. It is well known
that the EIT phenomenon is always accompanied by extreme modification in dispersion
characteristics, which leads to the generation of slow light effect. Here, the slow light
effect can be described by the group delay z, [79]:

__de

te = dw ©)

Where ¢ is the transmission phase shift and @ = 2xf is the angular frequency. We
calculated the group delay response during the entire modulation process of EIT res-
onance (Fig. 6¢c), and extracted its peak group delay attenuation curve (Fig. 6d). It can

Page 15 of 22



Liu et al. PhotoniX (2024) 5:10 Page 16 of 22

(b) Er =26V, Epchanges  (C) Group delay (ps)
2.0 o
= i 1.5
e\ Ert2eV ]
i \/';\/ 1.85 eV %\1,3 | =26V
2 i 1.70 eV = S v
2 : T16f © A7A
E | 1.55 eV ) @ -0.3
@ _ q o [} Eg |
& i 140ev | E1ay B "
[ /‘/_V_\ w A A
o Lt 1256V s
0 N 1.10 eV ’ i LY
Asynchronous voltage tuning 0.1 1 2 3 4 0.1 1 2 3 4
Frequency (THz) Frequency (THz)
(d) EIT ———> Lorentz (e) Coupled modes analysis (f) Er, fixed, Eg, changes
- @ EIT ’3\-0.8 Ak 20 T slow light performance
o---0---0. g -Q “Bn
@ 4 % 807 1aa 155
Q — - A
~ L} c 06 LA 1.29 N 8
9 S A 106 A ! ‘
° 2 p z ; H ;
%o £05 m : : |
s 8o04{ ose M i g :
2 4 o o- y 2 h g i
I5) _‘_510‘3 SOl g N m ! | i ;
o. ' | : : ‘
) © | 3o2 vovov v
20 18 16 14 12 10 20 18 16 14 12 10 ’ 0.5 1.0 15 2.0 25
Fermi level (eV) Fermi level (eV) Fermi level (eV)

Fig. 6 The dynamic tailoring, reconstruction and slow light modulation of EIT resonance under the
asynchronous voltage tuning scheme. a Applied asynchronous bias voltages (V, £V)) 10 the U-RCR and
D-RCR for manipulating the Fermi level. b The evolution process of EIT resonance lineshape excited by
graphene metasurface. The Fermi level Erjof U-RCR is fixed at 2 eV, and the Fermi level £¢, of D-RCR is
manipulated to change from 2 eV to 1.1 eV. ¢, d The evolution process of group delay corresponding to

EIT resonance, and the peak group delay attenuation curve. e The dependence of y;, y,, and k extracted by
fitting the EIT resonance lineshape according to the coupled harmonic oscillators model. The inset gives the
simplified schematic diagram of this model. f The tunable slow light performance achieved by manipulating
Er> in the broadband range under the freely configured asynchronous voltage tuning scheme. Here £ryand
Er> all correspond to the same initial tuning conditions

be found that in the process of switching from EIT lineshape to Lorentz lineshape, the
peak group delay shows a decreasing trend until the metasurface completely loses its
slow light capability.

Here, the coupled harmonic oscillators model [80] is introduced to analyze the
intrinsic physical mechanism of this modulation process. In this model, the harmonic
oscillator 1 and the harmonic oscillator 2 represent the U-RCR and D-RCR structures
in the metasurface unit, respectively. They are driven by the incident electric field
E = Epe™* and can be described as:

. . 2 2 Ep
X1(8) + v1x1(8) + wo1” x1(£) + k" x2(8) = glnT1 (7)
. . 2 2 Eo
X2() + v2x2(t) + woa” x2(t) + k“x1(2) = g2m71 (8)

Where x1, x2, 1, v2 represent the amplitudes and damping rates of two harmonic
oscillators. wp; and wpy represent the resonance frequencies of two harmonic oscilla-
tors, respectively. m; and m; represent the effective masses of two harmonic oscilla-
tors. g1 and g represent the coupling strength coefficients between the two harmonic
oscillators and the incident electric field E = Eqe™*. «k is the coupling strength
between two harmonic oscillators. By solving the Eq. (7) and Eq. (8), the susceptibility
x of graphene metasurface can be obtained as follows:
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Where x5z , and x5 ; represent the dispersion and absorption in graphene metas-
urface, respectively. K is the proportionality factor, and A = g1/g>, B = m1/mjy. Since
the imaginary part of susceptibility x is proportional to the energy dissipation, so the
transmission 7" can be described as:

T =1-Im(xg) (10)

Based on this theory, we analyzed the coupling modes of EIT transmission spectra
corresponding to different Erj in Fig. 6b, and whose results is given in Fig. 6e. It can
be found that as the Fermi level Ery changes from 2 eV to 1.1 eV, the quasi-metallic
properties of graphene D-RCR decays obviously, and the damping rate y» correspond-
ing to harmonic oscillator 2 increases significantly. This means that the radiation
loss further increases, thereby reducing the efficiency of the transmission window,
which is the main reason for the dynamic modulation of EIT resonance and its slow
light effect. At the same time, the damping rate y; of harmonic oscillator 1 decreases
slightly, and the resonance intensity of the corresponding Lorentz lineshape is also
slightly enhanced. It is worth noting that the coupling strength « becomes larger,
which may benefit from the resonance degeneracy phenomenon when the harmonic
oscillator 1 and 2 are close to each other.

In Fig. 6f, we also provide examples of the peak group delay corresponding to differ-
ent initial tuning conditions of Er; and Er,. Under the scheme of fixing Er; and chang-
ing Er), the graphene metasurface can realize dynamic modulation in different slow
light intervals. And the electro-optics properties of graphene determined by different Er
only lead to differences in slow light performance and do not affect the application of
this metasurface as a slow light switch. In addition, for the asynchronous voltage tuning
scheme adopted, it has the advantage of flexible configuration. On the one hand, the volt-
age of U- or D-RCR in the unit can be randomly selected to be fixed and then change the
voltage of the other RCR. On the other hand, the initial tuning condition of Er; = Ery
can be freely manipulated, and then the EIT resonance can be modulated from different
frequency positions (see Supplementary Material Section 5 for details). Accordingly, we
can accurately realize the dynamic tailoring, reconstruction and slow light effect modula-
tion of EIT resonance at any frequency point in the ultra-wideband range (~ 1.5 THz). In
the latest reported work, voltage modulation speed of graphene up to the GHz level has
been achieved based on the function generator, and it is highly feasible to transfer this
technology to our synchronous or asynchronous tuning scheme [81]. At the same time,
the EIT effect simulated in the metasurface has been applied in developing advanced slow
light and nonlinear enhancement devices [82, 83], and achieving active modulation and
ideal group delay control of EIT in the THz band have great application prospects in the
future 6G and optical communication networks [84, 85]. We believe that the proposed
graphene metasurface can not only serve as a high-performance active photonic sensor,
but also can be well extended to many fields, such as developing spatial light modulators,
ultra-high-speed terahertz communications and dynamic imaging devices.
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Conclusion

In summary, we have demonstrated a new EIT-based reconfigurable graphene metas-
urface design and its applications. Based on synchronous voltage tuning scheme, this
metasurface can realize single-pixel fingerprint retrieval of trace molecules in the broad-
band range (~ 1.5 THz) and the identification of optical isomers of chiral drugs, with
its LoD < 0.64 pg/mm?” And the larger 'hot spot area’ provided by EIT effect and the
ideal overlap between the ideal overlap between the light field constrained by single-
layer graphene and ultra-thin analyte provide an opportunity to achieve the significant
enhancement of fingerprint signal (~ 17.4 dB). A universal fingerprint spectrum inver-
sion model is proposed for the first time, which effectively solves the inherent envelope
signal distortion of graphene metasurface in fingerprint retrieval. And this model real-
2 > 0.99). In addition,
the multi-functional multiplexing of this metasurface is also realized by executing asyn-

izes the ideal restoration to standard fingerprint lineshapes (R,

chronous voltage tuning scheme, including dynamic reconstruction of EIT resonance
and slow light modulation. Significantly, these function applications have tunability in
the broadband range and are expected to achieve GHz-level modulation speed. Our
work provides an ideal platform to realize ultra-wideband THz fingerprint sensing of
various trace molecules, and have potential application scenarios in the fields of spatial
light modulators, optical communication networks, and high-speed THz imaging.

Abbreviations

THz Terahertz

EIT Electromagnetically induced transparency
SLG Single-layer graphene

U-RCR  Up ring chain resonator

D-RCR  Down ring chain resonator

PML Perfect match layer

TBC Transition boundary condition

ALD Atomic layer deposition

EBL Electron beam lithography

ED Electric dipole

MD Magnetic dipole

EQ Electric quadrupole
MQ Magnetic quadrupole
™D Toroidal dipole
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