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Abstract: Graphene is a two-dimensional material with unique physical and chemical properties,
whose excellent biocompatibility has also attracted widespread attention in the field of biosensing
and medical detection. Graphene provides a novel solution for dramatically improving the
sensitivity of terahertz metasurface sensors, since the electrical conductivity can be modified by
contact with biomolecules. In this paper, a metal-graphene hybrid metasurface is proposed and
demonstrated for high-sensitive nortriptyline sensing based on the plasmon-induced transparency
(PIT) resonances. The mt-mt stacks between nortriptyline and graphene lead to an increase in the
Fermi level of graphene and a decrease in the conductivity, thus enhancing the PIT resonance.
Experimental results show that the peak-to-peak amplitude magnitude of the PIT window is
enhanced up to 3.4-fold with 1 ng nortriptyline analyte, and the minimum detection limit is
extended down to 0.1 ng. But no significant change is observed from the samples without
graphene as a comparative experiment, which demonstrates that the presence of graphene
greatly enhances the bonding to the drug molecules and improves the sensing sensitivity. This
metasurface sensor has the advantages of high sensitivity, fast detection speed, label-free and
steady properties, which has potential applications in the fields of trace molecular sensing and
disease diagnosis.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces, realized by artificial subwavelength unit cell structures, are able to manipulate the
polarization, amplitude, and phase of electromagnetic (EM) waves by changing the geometry
of the unit cell structure and thus enable the versatile functionalities [1-4]. In recent years, the
in-depth investigation of metasurfaces for terahertz (THz) band has promoted the development
and the application of THz technology, fulfilling the THz gap to a great extent, such as absorbers
[5,6], filters [7], polarization converters [8,9], sensors [10], lenses [11], etc. The manipulation of
EM waves by metasurfaces is achieved through resonance generated by artificial unit structures
whose surface local EM field is sensitive to surface substances on the top, making the metasurfaces
desirable for sensing applications. For example, in 2016, Qin et al. proposed a metamaterial
sensor with circular pore arrays and used it for sensing tetracycline hydrochloride with a detection
limit as low as 0.1 ug/ml [12]. In 2018, Yang et al. proposed a metasurface sensor based
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on a gold split-ring resonator to achieve efficient label-free discrimination between wild-type
and transgenomic DNA with a detection limit as low as 2.3 pug/ml [13]. In 2022, Lee et al.
distinguished the spike protein of aevere acute respiratory syndrome coronavirus 1 and 2 at a
concentration of 0.1 mg/ml using a metal slit array metasurface sensor [14]. High-sensitivity
metasurface sensors facilitate the detection of various disease markers, which is also the current
trend of the sensor. However, the spectra of metasurface sensors contain at least one sharp
resonance peak, which is difficult to achieve due to the limited processing accuracy. Frequency
shifts in the spectrum due to the changes of the dielectric environment induced by the analyte
are commonly employed as the sensing method, which means that this type of sensor requires a
certain amount of analyte to be deposited on the surface and has difficulty in achieving ultra-high
sensitivity.

To overcome the difficulty of ultra-high sensitivity of sensors based on the frequency shift
principle, we combine graphene and plasmon-induced transparency (PIT) metasurfaces to achieve
sensing based on transmission spectrum amplitude changes. Graphene is a two-dimensional
material consisting of a single layer of carbon atoms with unique electrical, optical, thermal
and mechanical properties, which has received great attention in materialogy, electromagnetism,
electrochemistry and so on [15—-17]. Owing to the presence of m-electrons, graphene has
a great affinity for biomolecules and has excellent potential for sensing small and organic
macromolecules [18]. Therefore, introducing graphene into the metasurface is expected to
improve the sensitivity of metasurface sensors to a great extent. For example, in 2019, Xu et
al. detected chlorpyrifos-methyl molecules by transferring a single layer of graphene on the
surface of a THz absorber composed of a square metal patch array and comparing changes in the
magnitude of absorption [19]. In 2020, Lee et al. reported that the low concentrations (~nmol/ul)
of single-stranded deoxyribonucleic acids could be detected using transmission magnitude
variations of graphene-combined nano-slot-based THz resonance [20]. All these metasurface
sensors are sensing strategies based on amplitude changes in transmission or reflection of a
single resonant peak and are susceptible to the instability of the detection instrument. PIT, which
mimics the classical quantum electromagnetic-induced transparency (EIT) phenomenon, is an
effective strategy to control the transmission properties of terahertz waves [21,22]. Due to the
strong interference between different resonance modes, a transparent sharp peak in the spectrum
of the PIT metasurfaces, as called as the PIT window, is more suitable for amplitude change
sensing than frequency shift sensing. Therefore, PIT metasurfaces in combination with graphene
are expected to achieve more sensitive and stable sensing compared to classical single resonant
metasurfaces.

Various psychiatric disorders such as depression, anxiety disorders and bipolar disorder are
a category of easily neglected diseases that endanger people’s health and can most seriously
cause suicide. Nortriptyline (3-(10,11-dihydro-5H-dibenzo (a,b) cyclohepten-5-ylidene) propyl-
(methyl) amine) is a tricyclic antidepressant for the treatment of these psychiatric disorders
[23]. The therapeutic concentration range of nortriptyline in human plasma is between 50
and 150 ng/mL [24]. To achieve optimal treatment results, it is necessary to ensure that the
concentration of nortriptyline is within its therapeutic range. Currently, high-performance
liquid chromatography, spectrophotometry, fluorescence spectrophotometry and potentiometric
methods are used to test the concentration of nortriptyline, but all of these methods require at
least tens of minutes [24]. Therefore, a fast, label-free and sensitive sensing of nortriptyline is
necessary.

In this paper, a metal-graphene hybrid metasurface (MGHM) sensor composed of a classical
PIT metal metasurface and monolayer graphene for sensing nortriptyline is proposed and
demonstrated. The interaction between graphene and nortriptyline molecules makes the sensor
highly sensitive to the concentration of nortriptyline. Theoretical analysis and simulation
verification explain the operating mechanism of the sensor. The experimental results indicate



Research Article Vol. 30, No. 20/26 Sep 2022/ Optics Express 35751

Optics EXPRESS

that the ultra-low quantity of nortriptyline is able to significantly enhance the PIT window of
the MGHM transmission spectrum, compared with the PIT metasurface without graphene. The
fast, label-free, and steady under the test system disturbance characteristics enable it an excellent
potential in the field of biomolecular sensing and disease detection.

2. Design, fabrication, and characterization of the hybrid metasurface

The design of the MGHM we proposed is illustrated in Fig. 1(a), which consists of a PIT
metal-insulator metasurface (MM) with a monolayer of graphene on the top. The PIT MM
consists of a silicon substrate, a silicon dioxide layer and a gold resonator layer, with thicknesses
of 500 pm, 300 nm, 200 nm, respectively. The PIT resonator unit cell is composed of a metal
cut wire (CW) and two pairs of spilt-ring resonators (SRRs) on both sides with the specific
geometries as shown in Fig. 1(b), where P=80 um, L; =25 um, L, =70 um, D=7 pm, G=5
pm, W =35 um.

(b)
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Fig. 1. (a) Schematic diagram of sensing process on MGHM sensor. (b) Schematic of unit
cell of PIT structure. (c) Optical microscope photograph of MGHM sample. (d) Raman
spectroscopy of graphene on the hybrid metasurface.

The fabrication process of the MGHM sensor started with the growth of a 300 nm thick
SiO; layer on 500um of n-type high resistance silicon by plasmon-enhanced chemical vapor
deposition (PECVD). Subsequently, a 20/200 nm thick Cr/Au spacer was magnetron sputtered on
top and was patterned using standard photolithography and ion beam etching methods. Finally,
monolayer graphene prepared by chemical vapor deposition (CVD) was transferred to the surface.
Figure 1(c) shows the optical microscope photograph of the fabricated MGHM sample. However,
the graphene layer is barely visible in the photograph. In order to make sure the successful
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transfer of graphene on the surface of MGHM, Raman spectroscopy (Renishaw inVia Reflex) with
532 nm laser excitation is used for characterization. As shown in Fig. 1(d), the single Lorentzian
shape of low-intensity G-peak (~1589 cm™!) and high-intensity 2D-peak (~2685 cm™), as well
as the absence of D-peak (~1340 cm™!), demonstrate the high-quality of monolayer graphene on
the top of the MGHM.

3. Theoretical model and simulation analysis

In order to effectively investigate the electromagnetic responses of the MGHM, the simulations
are performed by the time domain solver of CST Microwave Studio software. Periodic boundary
conditions are employed in x- and y-direction and open boundary condition is employed in
z-direction. The incident THz wave is simulated as a linearly polarized wave along the y-direction
generated from a plane wave excitation and the transmitted wave from the metasurface is detected
by a probe. The relative permittivity of Si and SiO; is set as 11.7 and 3.84, and the conductivity
of Au is set to 4.56 x 107 S/m, respectively [20,25,26]. In order to illustrate the bright and dark
resonance modes in PIT, three sets of structures are simulated for comparison. Figures 2(a)-(c)
and 2(d)-(g) are the simulated transmission spectra and the corresponding surface electric field
distributions at the resonance frequency, respectively. The first structure is a single metal CW
along the y-direction. Excited by the incident THz wave with the linearly polarized (LP) along
the y-direction, CW exhibits a typical dipole resonance mode with a wide resonance at 0.818
THz, as shown in Figs. 2(a) and 2(d). The second structure is two pairs of symmetrical SRRs. As
shown in Figs. 2(b) and 2(e),(f), SRRs exhibit two different electromagnetic responses under the
excitation of LP waves in different directions. It is obvious that no resonance has been excited
by the LP wave along the y-direction (purple solid line). And LP wave along the x-direction
(parallel to the split-ring direction) excites a narrow resonance with the inductive-capacitive (LC)
mode at 0.812 THz (red solid line). The third is the PIT structure composed of a CW and four
SRRs. As shown in Fig. 2(c), a transparent window is clearly observed at 0.812 THz on the
transmission spectrum with the incident LP wave along the y-direction. In this structure, the
dipole resonance from the CW directly excited by the incident wave acts as the bright mode,
while the LC resonance from the SRRs excited by the near-field coupling between the CW and
the SRRs acts as the dark mode, as shown in Fig. 2(g). The destructive interference between the
bright and dark modes leads to the PIT window.

In the literature, graphene is generally simulated using the well-known Kubo conductivity
model [26-28]:

O—g(w, Ep,7,T) = Cinter + Tintra

_ jw—jrh [ 1 © dfa(s) _ Ofal=8) ;.. _ [ _ fa=&)=fule)
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where f; is the Fermi-Dirac distribution, 7 is the operation temperature, / is the reduced Planck
constant, w is the angular frequency of the incident wave, e is the charge of an electron, and Er
is the Fermi level, which is determined by the carrier concentration. 7 = (uEr)/ (ev%) denotes
the carrier relaxation time, where u=8000 cmz/(V-s) is the carrier mobility, vp = 10° m/s is the
Fermi velocity. In the Kubo model, the graphene conductivity includes both intraband and
interband processes, while in the low-frequency terahertz region, the contribution of interband
processes is negligible. And the doped graphene at room temperature satisfies Ef > KpT (Kp is
the Boltzmann constant) and Er > hw. Therefore, the Eq. (1) can be reduced to the following
Drude-like model [28,29]:
e’Ep i
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Fig. 2. Simulated transmission spectra of (a) CW, (b) SRRs, and (c) PIT structures.
Simulated surface electric field distribution of (d) CW, (e) SRRs for incident LP THz wave

along the y-direction, (f) SRRs for incident LP THz wave along the x-direction, and (g) PIT
structures.
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Fig. 3. (a) Simulated transmission spectra of MM and MGHM with Fermi level of graphene

at -0.1eV. (b) Simulated transmission spectra of MGHM with different Fermi level of
graphene.
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Obviously, the conductivity of graphene is modulated by the Fermi level. After a 0.35 nm thick
graphene layer is added on the top of MM in the simulation, the comparison of transmission
spectra of MM and MGHM with Fermi level of graphene at -0.1 eV are shown in Fig. 3(a). The
graphene on the top weakens the bright resonance mode and the near-field coupling between
bright and dark resonance modes resulting in a significant shrinkage of the PIT window. And the
center frequency of the PIT peak of MGHM is 0.750 THz, which has a significant redshift for
the transmission spectrum of MGHM compared with MM. When the sensing substance is in
contact with graphene, the Fermi level of graphene shifts upward and converges to the Dirac
point. Therefore, the transmission spectra of MGHM of graphene Fermi level from -0.1 to -0.02
were simulated and analyzed as shown in Fig. 3(b). With the Fermi level gradually moving
towards the Dirac point, the conductivity of graphene gradually decreases and the PIT window of
the transmission spectrum gradually enhances.

4. Experiment results of sample measurement and nortriptyline sensing

The transmission spectra of MGHM and MM samples are measured by THz time-domain
spectroscopy (THz-TDS, TAS 7500TS, Advantest Corp.), as shown in Fig. 4(a). It can be seen
that an obvious PIT window is present in the transmission spectrum of MM. However, when the
graphene layer is transferred to the MM surface, the surface local electromagnetic field of the
metasurface is affected because graphene is a conductive medium. The PIT window of MGHM
is significantly shrunk and the center frequency has a redshift from 0.875 THz to 0.833 THz.
The difference between the maximum and minimum values of the transmission of the PIT peak
and valley is defined as AT, which is used as the sensing index of the sensor. The change in
AT reflects the relationship between the quantity of nortriptyline and the variation of the Fermi
level of graphene. The increase of AT means that the Fermi level of graphene tends to move
toward the Dirac point and conversely, away from the Dirac point. Because the p-type doping
resulting from the contact of graphene with SiO, substrate, gold patterns, and oxygen makes the
Fermi level of intrinsic graphene deviate from the Dirac point into the valence band, causing the
significant shrinking of the PIT window [30-32]. Here, AT shrinks from 55.2% to 6.4%.

(a) go

05 06 07 08 09 1.0 1.1 12 13
Frequency(THz)

Fig. 4. (a) The transmission spectra of MGHM and MM sensor. (b) The molecular skeletal
formula and molecular structural diagram of nortriptyline. (c) Schematic diagram of the mt-7
stack between graphene and nortriptyline

In this paper, the MGHM sensor is used for sensing of nortriptyline hydrochloride (purchased
from Acmec, Shanghai, purity >98%). The nortriptyline is dissolved in deionized water to
configure solutions with a concentration of 10 ng/ml. Each time 10ul solution of nortriptyline is
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added dropwise to the surface of the MGHM sensor and the MM senso and wait until the water
in the solution is completely evaporated under the condition of a 70°C heating platform, implying
that 0.1ng nortriptyline is deposited on the surface. In total, 10 times have been repeated to
prepare and measure the analytes by THz-TDS with different quantities of nortriptyline from 0 to
1 ng, respectively.

The transmission spectra of the MGHM sensor and MM sensor with different quantities of
nortriptyline deposited on the surface are shown in Figs. 5(a) and 5(b). It can be obviously
observed that for the MGHM sensor, the PIT window is significantly enhanced with the increase
of nortriptyline. However, for the MM sensor, the PIT window rarely changes. To facilitate direct
observation of the effect of nortriptyline on the PIT window, the AT of MGHM corresponding to
nortriptyline deposited from 0.1 ng to 1 ng are shown in Fig. 5(c) and fitted with an exponential
function y = yg + aje™ where y0=22.8618, A|=-16.2855, t; =0.3628, respectively. When
the lower quantities of the nortriptyline are deposited on the MGHM surface, AT grows rapidly.
But as the quantities increases, the growth rate of AT gradually slows down and tends to saturate.
With 1 ng of nortriptyline deposited on the surface, AT has been enhanced to 21.9%, which is
approximately 3.4 times higher than that of bare MGHM. The detection limit of the experimental
measurement for nortriptyline is as low as 0.1 ng with AT enhanced up to 10.2%.
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Fig. 5. Experimental transmission spectra of (a) MGHM sensor and (b) MM sensor with
different quantities of nortriptyline deposited on the surface. (c) AT values and fitted curve
of MGHM sensor. (d) AT values and fitted straight line of MM sensor. The insets are the
diagrams of the unit cells of sensors and the energy band with the Fermi level shifting, in
which VB is the valence band and the CB is the conduction band.

The variation in optical properties of graphene is attributed to the interaction with external
molecules. The three electrons of each carbon atom of graphene are bonded by sp? hybridization
orbitals, and the remaining one electron forms a m-bond. As shown in Figs. 4(b) and 4(c),
nortriptyline containing two phenyl rings carry s-electrons and form st-7t stacks with graphene,
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which have strong interactions and charge transfer. The interaction with nortriptyline results
in n-type doping of graphene, which also induces an increase in the electron concentration of
graphene and a rise of the Fermi level. And the quantity of nortriptyline gradually increased
from 0.1 ng to 1 ng, so that the Fermi energy level gradually shifts upward and tends to the
dirac point. With the Fermi level approaching the Dirac point, the conductivity of graphene
decreases, which enhances the dipole resonance, the near-field coupling interaction and the
destructive interference between the dipole resonance of CWs and the LC resonance of SRRs,
therefore leading to the enhancement of the PIT window in the transmission spectrum. The
same variation rules of simulation and experimental results prove the consistency of theory and
experiment. In contrast, for the MM sensor, 1 ng of nortriptyline has no significant effect on
its surface EM field, and the AT keeps staying around 55.3%, as shown in Fig. 5(d). Thus, the
presence of graphene enables a tremendous improvement in sensing sensitivity. The MGHM
sensor we proposed has an outstanding high detection sensitivity for nortriptyline and satisfies
the needs for sensing and monitoring plasma concentrations in clinical medicine. Furthermore,
the potential influences from the instability of the measurement system are attenuated to a great
extent, because the sensing index is the transmittance difference between the PIT peak and valley,
which is an advantage of the PIT structure [19,20,33,34].

5. Conclusion

In this paper, an MGHM sensor with ultra-high sensitivity and stability based on PIT metasurface
structure is proposed and demonstrated as a biosensing platform for nortriptyline microdose
detection. The design of the metal-graphene hybrid structure in unit cell greatly improves the
sensing sensitivity, because the biomolecules of the analyte are concentrated on the graphene by
bonding m-m stacks, while the metal PIT metasurface structure provides the strong resonance
of surface plasmonic polaritons with enough resonant intensity for sensing. The interaction
and charge transfer between nortriptyline and graphene adjusts the Fermi level, modifies the
conductivity of graphene, and indeed modulates the amplitude magnitude of the PIT resonance.
The experimental results show that the peak-to-peak amplitude magnitude of the PIT resonance,
i.e., the AT, increases from 6.4% to a maximum of 21.9% with nortriptyline increasing from 0O
to 1 ng, implying that 1 ng nortriptyline enhanced the PIT window up to 3.4-fold compared to
the blank MGHM. And the detection limit is extended down to 0.1 ng. The sensing sensitivity
of MGHM appears to be significantly improved compared to the bare MM without graphene,
demonstrating the vital role of graphene for improving sensing sensitivity. This rapid, label-free,
high-efficient MGHM sensor satisfies the requirements for plasma concentration detection of
nortriptyline in clinical applications. This sensor has an outstanding prospect for applications in
ultra-low concentration biomolecule sensing, disease diagnosis, DNA and protein sequencing,
etc.
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