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Performing sensitive and selective detection in a mixture is challenging for terahertz (THz) sensors. In light

of this, many methods have been developed to detect molecules in complex samples using THz

technology. Here we demonstrate a defect-rich monolayer graphene-coated metamaterial operating in

the THz regime for pesticide sensing in a mixture through strong local interactions between graphene

and external molecules. The monolayer graphene induces a 50% change in the resonant peak excited by

the metamaterial absorber that could be easily distinguished by THz imaging. We experimentally show

that the Fermi level of the graphene can be tuned by the addition of molecules, which agrees well with

our simulation results. Taking chlorpyrifos methyl in the lixivium of rice as a sample, we further show the

molecular sensing potential of this device, regardless of whether the target is in a mixture or not.
1. Introduction

Graphene, owing to its unique electrical and optical proper-
ties,1,2 has been utilized in diverse elds including sources,3,4

detectors,5 modulators,6 and sensors7,8 covering a wide spectral
range. Graphene based optical modulators working in the
visible/near infrared (NIR),9 mid-infrared (MIR),10 and terahertz
(THz) band11 show tunable properties with external electrical
and/or optical stimuli. To ensure tunable properties of these
devices, a graphene layer needs to be carefully transferred onto
a at surface for its electrical continuation, which requires high
quality chemical vapor deposition (CVD)-grown graphene as
well as experienced graphene transferring skills. Therefore,
constructing tunable graphene devices no longer limited by
electrical continuation requirements is meaningful for an easy
fabrication route and of great interest to diverse research elds.

It is well known that THz wave is the last part of the elec-
tromagnetic wave to be explored. Since the absorption of THz
wave is dominated by the excitation of intramolecular and
intermolecular vibrations,12 some chemicals such as drugs,13,14

pesticide,15 and carbohydrate16 show ngerprint absorption
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peaks in THz band. To enhance the interaction between mole-
cule and THz wave, the localized resonances excited by meta-
materials which show an intense enhanced electromagnetic
eld near the metallic structures are utilized.17–19 However, THz
metamaterial lakes in sensing selectivity20 which limits its
practical applications in detecting hazard molecules in
a mixture. Taking advantage of the great biomolecular affinity
via p-electrons, graphene has been utilized in chemical analyte
detection,21 aptamer sensing,22 and uorescence transducing.23

By integrating metamaterials and graphene, the hybrid gra-
phene metamaterial device shows sensing8,24 and modulating11

applications, indicating that graphene is a promising material
in potential practical applications in THz regime.

Here we fabricate a defect-rich monolayer graphene-coated
metamaterial operating in THz regime for pesticide sensing in
a mixture. We select THz waveband as our target frequency
band not only it is rich with spectral ngerprints16,25 but also
defects occur more frequently in THz devices comparing to
visible/NIR or MIR devices because of the longer wavelength.
We present an experimental demonstration of a THz graphene-
coated metamaterial reaching an intensity of modulation depth
up to 14% when the lixivium of unhusked rice contaminated by
chlorpyrifos methyl molecules is coated on its surface, which
indicates that the chemical doping method of graphene still
works for this defect-rich graphene-coated metamaterial
despite those cracks in the monolayer graphene layer. Our
research shows that analytes with p-electrons like chlorpyrifos
methyl with the concentration of 2.5 mg L−1 in the lixivium of
rice can interact with graphene through p–p stacking,26 holding
the feasibility of molecular sensing, even in a complex mixture.
Currently, few work on analyte detection in a mixture using
metamaterials has been reported.27 Using metamaterials only is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hard to discriminate abundant types of sensing targets as
metamaterials responded to the refractive index of sample,
remaining a challenge for the applications in selective sensing.
Therefore, our work provides an effective and simple method to
fabricate graphene-coated metamaterials beyond the limitation
of electrical continuation requirement for chemical doping and
sensing purpose. This method could also be utilized in diverse
potential practical application cases.
2. Experimental section
2.1. Equipments

A THz time-domain spectrometer system (Z-3, Zomega Corpo-
ration, East Greenbush, NY, USA) was used to measure the
broadband reection spectra and image with a spectral range of
0.1–3.5 THz. The imaging area of the metamaterial device was 9
mm*3 mm. THz system was purged with nitrogen to prevent
THz absorption from water vapor (the humidity was less than
1%) and the temperature was 23 � 1 �C. The signal-to-noise
ratio (SNR) was over 40 dB for all the THz spectral
measurements.
2.2. Fabrication of graphene-coated THz metamaterial
device

CVD grown monolayer graphene (Trivial Transfer Graphene,
TTG) was purchased from ACS Material (Medford, MA, USA). It
was released onto water for at least two hours and then trans-
ferred onto the surface of metamaterial device. By removing the
polymethyl methacrylate (PMMA) on the top of graphene using
acetone,28 a defect-rich monolayer graphene-coated THz meta-
material device was obtained for future tests.
2.3. Sample preparation and THz measurements

Chlorpyrifos methyl (>98%) was purchased from Aladdin
Corporation (China). The original lixivium of husked/unhusked
rice was obtained by adding 10 mL deionized water to 5 g
husked/unhusked rice and let it stand still for half an hour. The
original lixivium of husked/unhusked rice contaminated by
chlorpyrifos methyl was obtained by adding 10 mL solution
with a concentration of chlorpyrifos methyl set as 2.5 mg L−1 to
5 g husked/unhusked rice and let it stand still for half an hour.
The original lixivium was diluted to 4%, 8%, 24%, 40%, and
100% for future tests; accordingly, the concentration of chlor-
pyrifos methyl in the lixivium were 0.1, 0.2, 0.6, 1.0, and 2.5 mg
L−1. Before adding lixivium sample, monolayer graphene-
coated metamaterials were clearly washed thrice with deion-
ized water. In this work, 10 mL of desired lixivium was dropped
on the surface of monolayer graphene-coated THz meta-
materials with three duplicates. Then the sample was dried at
room temperature before THz measurements. Each spectrum
was averaged by four scans.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Fabrication and characteristics of graphene-coated THz
metamaterial

In this work, the metamaterial structure we used consists of an
aluminum ground plane and a planar array of square patch gold
resonators which are spaced by a thin polyimide lm (ESI†).29

This metal–dielectric-metal tri-layer structure leads to signi-
cant eld enhancement and near unity absorption at its reso-
nant frequency.30–32 By transferring monolayer graphene onto
the metamaterial, monolayer graphene-coated THz meta-
material is obtained (Fig. 1a). The photograph and the scanning
electron microscope (SEM) image of monolayer graphene-
coated THz metamaterial are shown in Fig. 1b and c.

We further investigate the defect condition of graphene-
coated THz metamaterial. As presented in Fig. 1d and e, the
cracks can be easily observed at the boundaries of gold patch. In
contrast, the SEM image of the metamaterial without graphene
shows a surface without any cracks (Fig. 1f). We attribute those
cracks to the height mismatch between the graphene layer and
gold patch. As presented in Fig. 1g, one dimensional height
prole of gold patch resonator boundary shows a 450 nm height
difference, which is much too larger than the thickness of gra-
phene (�0.3 nm). Comparing to tunable graphene devices that
required strictly electrical continuation, our graphene devices
are no longer limited by this condition as the sensing perfor-
mance is enabled by chemical doping of external molecules.
Thereby, the fabrication route is much simpler with less failure
in device preparation. We also note that the monolayer gra-
phene can be transferred onto the surface of silicon33 and
quartz.34 The graphene monolayer is conrmed by Raman
spectroscopy with a high-intensity 2D peak (�2680 cm−1) and
a low-intensity G peak (�1580 cm−1) (Fig. 1h).
3.2. THz imaging properties of THz metamaterial with/
without graphene

To investigate THz properties of graphene-coated metamaterial
device, we measured imaging properties as well as spectral
changes induced by monolayer graphene covering the meta-
material (Fig. 2a). The optical image of THzmetamaterial device
(Fig. 2b) accords well with THz image of metamaterial device
with/without graphene at 0.85 THz (Fig. 2c). As revealed by THz
reection spectrum of metamaterial device with/without gra-
phene in Fig. 2d, the addition of the monolayer graphene
results in an obvious increase of the metamaterial reection.
The reectance is approximately 10% at 0.87 THz for the met-
amaterial structure with gold patch length 95 mm, presenting
a strong resonant absorption. Here the reectance is dened as
R ¼ jEsample/Ereferencej,2 where Esample (Ereference) is the intensity
of THz electric eld collected from the graphene metamaterial
sample (silver mirror). Note that the transmission of this device
is 0 because the back-reector (aluminum) prevents all THz
wave from passing through this graphene THz metamaterial.
This intense resonant peak has already shown its ability in
sensing applications in the literature.35,36 The reectance of
graphene-coated metamaterial reaches 60% at resonant peak,
RSC Adv., 2022, 12, 28678–28684 | 28679
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Fig. 1 Monolayer graphene-coated THz metamaterial device. (a) Schematic of monolayer graphene-coated THz metamaterials. (b) Photograph
of the graphene-coated THz metamaterials. (c) SEM image of graphene-coated THz metamaterials. (d and e) SEM image of the surface of
metamaterials, showing the cracks of transferred graphene. (f) SEM image of the surface of metamaterial absorber without graphene layer. (g)
One dimensional height profile of a graphene-coated THz metamaterial at the boundary of a gold patch resonator. (h) Raman spectroscopy of
monolayer graphene-coated metamaterial.
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View Article Online
indicating that the monolayer graphene induces 50% change of
the reectance, which accords well with the literature.37 We also
note the red shi of resonance frequency and decrease of
Fig. 2 THz imaging of monolayer graphene-coated THz metamaterial d
with/without graphene. (b) Photograph of THz metamaterial device, the
without graphene at 0.85 THz. day, THz reflection spectrum of metama

28680 | RSC Adv., 2022, 12, 28678–28684
quality factor (Q) can be observed, which agrees with the re-
ported work.38 As a kind of semimetal, graphene induces
changes in impedance match situation of the metamaterial
evice. (a) Schematic of THz imaging area, including THz metamaterial
area is according to (a). (c) THz imaging of metamaterial device with/
terial device with/without graphene.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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absorber, which modies dispersion of the top patch resonator
arrays. Thereby, the monolayer graphene with a thickness less
than 1 nm causes vast change from the metamaterial absorber
which outweighs most dielectric materials.39
3.3. Sensing properties of graphene THz metamaterial

Chlorpyrifos methyl, as a member of broad-spectrum organo-
phosphorous pesticides, has been world widely utilized for
decades.40 Themonolayer graphene-coated metamaterial device
with rich defects is utilized for sensing purpose by detecting
chlorpyrifos methyl molecules in rice lixivium. The reection
spectra of graphene metamaterial in detecting rice lixivium
contaminated by different concentrations of chlorpyrifos
methyl ranging from 0.1 mg L−1 to 1.0 mg L−1 is shown in
Fig. 3a. With the existence of analyte, a higher Q factor can be
clearly observed comparing to the graphene coated meta-
material alone, which is different from the reported work
showing a decreased Q factor during sensing process.41 The
observed sensing property of graphene-coated metamaterial is
induced by the unique interaction between external molecules
and the graphene-coated metamaterial. External molecules
interact with graphene at its close vicinity through delocalized
p-electrons,42 which moves the Fermi level toward the Dirac
point and as a result, the carrier density in graphene is
reduced.43,44 The interaction of external molecules and Dirac
electrons affects the doping level of graphene.45,46 Therefore, the
conductivity decreases and the resonance of metamaterial
enhances, resulting in a consecutive Q factor improvement of
resonant peak. With the concentration increase of chlorpyrifos
methyl, the value of resonant peak decreases from 65% to 53%.
We observe that at the concentration range of chlorpyrifos
methyl from 0.1 mg L−1 to 1.0 mg L−1, the interaction between
external molecules and graphene does exist as the resonant
peak increases.

The sensing mechanism is further validated utilizing FDTD
numerical simulations and a reective mode from a monolayer
graphene-coated metamaterial with Fermi level varying from 20
Fig. 3 Sensing properties of graphene THz metamaterials. (a) Experime
with different concentration of chlorpyrifos methyl varying from 0.1 m
graphene-coated metamaterial absorbers with Fermi level ranging from

© 2022 The Author(s). Published by the Royal Society of Chemistry
meV to 120 meV below the Dirac point is shown in Fig. 3b. The
resonant reectance of graphene-coated metamaterial is higher
than that of metamaterial without graphene on its surface,
which accords well with the data presented in Fig. 2d. This
damped resonant peak is caused by the modication of meta-
material absorber cavity induced by monolayer graphene. The
resonant reectance of monolayer graphene-coated meta-
material decreases when the Fermi level shied toward the
Dirac point, thereby, an increased Q factor can be observed.
3.4. Detection of chlorpyrifos methyl molecules on
unhusked rice

As reported in the literature,43,44 molecule has a benzene like
ring structure with p-electrons can strongly interact with gra-
phene through p–p stacking. In contrast, other molecules
without p-electrons in their molecule structure have a much
weaker interaction with graphene, presenting a lower sensitivity
comparing to molecules containing p-electrons.24 Therefore,
graphene-coated metamaterial holds the feasibility in sensing
molecules containing p-electrons in a complex mixture. Our
work elucidates this point by detecting chlorpyrifos methyl
molecules in the lixivium of rice as the pesticide molecule has
p-electrons and the main content of the lixivium of rice, starch,
does not have p-electrons. The schematic gure of the reective
sensing using monolayer graphene-coated THz metamaterial is
illustrated in Fig. 4a. The molecule structure of chlorpyrifos
methyl which contains a benzene like ring structure with p-
electrons is also demonstrated in Fig. 4b.

When the lixivium of unhusked rice contaminated by
chlorpyrifos methyl solution is dropped and dried on the
surface of graphene-metamaterial device, the relative reec-
tance changes (Fig. 4c), which is dened as DR/R¼(Rreference–

Rsample)/Rreference, where Rsample (Rreference) is the reectance at
the resonant dip with (without) sensing targets. The value DR/R
increases rapidly at low concentration (from 0.1 mg L−1 to 0.6
mg L−1), and it continues to increase with a much slower rate.
The value DR/R presents an inverse trend comparing to low
ntally measured reflection spectra of graphene metamaterial absorber
g L−1 to 1.0 mg L−1. (b) Numerically simulated reflection spectra of
20 meV to 120 meV below the Dirac point.

RSC Adv., 2022, 12, 28678–28684 | 28681
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Fig. 4 Detection of chlorpyrifos methyl molecules on unhusked rice using monolayer graphene-coated THz metamaterial absorber. (a)
Schematic of the sensing using monolayer graphene-coated THz metamaterial absorber. (b) Structure of a chlorpyrifos methyl molecule. (c)
Relative reflectance changes of graphene-metamaterial absorber with the lixivium of unhusked rice and chlorpyrifos methyl solution coated on
its surface. (d) Relative reflectance changes of graphene-metamaterial absorber with the lixivium of unhusked rice coated on its surface. (e)
Relative differential reflectance changes when lixivium of unhusked rice with chlorpyrifos methyl molecules are coated on the surface of
graphene-metamaterial heterostructure.
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concentration cases at the concentration of 2.5 mg L−1. As we
discussed above, the increase of DR/R is induced by the inter-
action between graphene and external molecules which shis
the Fermi level of graphene toward Dirac point. With the
increase of more external molecules, the interaction between
additional part of external molecules and graphene becomes
weaker than that between external molecules and the electric
eld excited by graphene-coated metamaterial, resulting in
a red shi and decrease of Q factor of resonant dip.

Fig. 4d shows the relative reectance changes of graphene-
metamaterial device with the lixivium of unhusked rice coated
on its surface. We can observe the same trend that the value DR/
R increases rapidly at low percentage of original lixivium (from
3.5% to 12%), and then it decreases when the percentage of
original lixivium further increases. We note that, comparing to
the data plotted in Fig. 4c, the value DR/R of graphene-
metamaterial (12%) with the lixivium of unhusked rice coated
on its surface in Fig. 4d is smaller than that in Fig. 4c (14%). We
attribute this to starch contains no p-electrons in its molecule
structure and as a main content of this lixivium, it interacts with
graphene in a weaker extent than molecules containing p-
electrons such as chlorpyrifos methyl. Therefore, the maximal
28682 | RSC Adv., 2022, 12, 28678–28684
value DR/R of graphene-metamaterial with the lixivium of
unhusked rice contaminated by chlorpyrifos methyl solution
outweighs that of lixivium of unhusked rice only.

Relative differential reectance changes of lixivium of
unhusked rice with chlorpyrifos methyl molecules are pre-
sented in Fig. 4e, of which the data is derived from Fig. 4c and d.
The value DR/R is induced by the addition of chlorpyrifos
methyl molecules, showing a same trend as revealed in Fig. 4c
and d. In this work, the chlorpyrifos methyl molecules in lixi-
vium of unhusked rice induces a maximal DR/R value 3.5% at
the concentration of 1.0 mg L−1 and the pesticide can be
detected based on three times of signal to noise ratio, which
meet the requirement of the World Health Organization's
provisional guideline limit (1.0 mg L−1).47 Therefore, the
graphene-coated metamaterial structure presents strong light
matter interactions and enables sensitive detection of analyte
layer on its top.
3.5. Detection of chlorpyrifos methyl molecules on husked
rice

In contrast, we also performed the detection of chlorpyrifos
methyl molecules on husked rice using monolayer graphene-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Detection of chlorpyrifos methyl molecules on husked rice using monolayer graphene-coated THz metamaterial absorber. (a) Relative
reflectance changes of graphene-metamaterial absorber with the lixivium of husked rice and chlorpyrifos methyl solution coated on its surface.
(b) Relative reflectance changes of graphene-metamaterial absorber with the lixivium of husked rice coated on its surface. (c) Relative differential
reflectance changes when lixivium of husked rice with chlorpyrifos methyl molecules are coated on the surface of graphene-metamaterial
heterostructure.
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coated THz metamaterial device. The relative reectance
changes of graphene-coated metamaterial with the lixivium of
husked rice contaminated by chlorpyrifos methyl molecules
coated on its surface is shown in Fig. 5a. The value DR/R
increases rapidly at low concentration (from 0.1 mg L−1 to 0.6
mg L−1), and it starts to decrease when the concentration
further increases. The maximal value DR/R (11.5%) is smaller
than that of the lixivium of unhusked rice contaminated by
chlorpyrifos methyl molecules in Fig. 4c (here 14.0%), showing
that the content of chlorpyrifos methyl molecules in the lixi-
vium of husked rice is less than that in the lixivium of unhusked
rice. Fig. 5b shows the relative reectance changes of graphene-
coated metamaterial with the lixivium of husked rice coated on
its surface, presenting a same trend shown in Fig. 4d. Note that
the maximal value DR/R induced by the lixivium of husked rice
(10.0%) is also smaller than that of the lixivium of unhusked
rice (12.0%), which indicates the content of chlorpyrifos methyl
molecules in the lixivium of husked rice is less than that in the
lixivium of unhusked rice.

We further calculate the relative differential reectance
changes of lixivium of husked rice with chlorpyrifos methyl
molecules on the surface of graphene-coated metamaterial
device, as presented in Fig. 5c. The original data is obtained
from Fig. 5a and b. With the increase of chlorpyrifos methyl
concentration, the value DR/R increases and reaches a maximal
value 2.0%, which is smaller than the maximal DR/R in Fig. 4e
when detecting chlorpyrifos methyl molecules in the lixivium of
unhusked rice. This may attribute to the stronger adsorption of
chlorpyrifos methyl molecules by husked rice than by unhusked
rice.
4. Conclusion

Graphene and metamaterials have attracted tremendous
attention due to their specic properties, unique physics and
promising feasibility in modulation and sensing applications.
Graphene based devices without the need to meet electrical
continuation requirement will attract broad interest in diverse
© 2022 The Author(s). Published by the Royal Society of Chemistry
elds and further commercialization. In this work, we present
a tunable defect-rich monolayer graphene-coated metamaterial
operating in THz regime for chemical doping and sensing
purposes. We found that external molecules can change the
resonant magnitude by shiing the Fermi level of graphene,
resulting an increase of Q value. Taking advantage that analytes
withp-electrons can strongly interact with graphene through p–

p stacking, we performed the detection of chlorpyrifos methyl
(containing p-electrons) molecules in the lixivium of unhusked/
husked rice, showing the molecular sensing potential of this
device, regardless of whether the target is in the mixture or not.
Our work provides an effective method to chemical dope
graphene-coated metamaterials which is no longer limited by
electrical continuation requirements, presenting the potential
in accelerating a host of new modulation and sensing applica-
tions in the future.
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