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ce of a graphene-perovskite
terahertz metasurface

Guibin Li,a Guocui Wang,ab Yan Zhang, a Jingling Shena and Bo Zhang *a

The combination of graphene and perovskite has received extensive research attention because its

photoelectric properties are excellent for the dynamic manipulation of light–matter interactions.

Combining graphene and perovskite with a metasurface is expected to effectively improve the

metasurface device's performance. Here, we report a terahertz graphene-perovskite metasurface with

a tunable resonance. Under 780 nm laser excitation, the device's THz transmission is significantly

reduced, and the Fano resonance mode can be manipulated in multiple dimensions. We verify the

experimental results using a finite-difference time-domain (FDTD) simulation. Graphene and perovskite

interact strongly with the metasurface, resulting in a short-circuit effect, which significantly weakens the

resonance intensity of the Fano mode. The photoinduced conductivity enhancement intensifies the

short-circuit effect, reducing the THz transmission and resonance intensity of the Fano mode and

causing the resonance frequency to redshift. Finally, we provide a reference value for applications of

hybrid metasurface-based optical devices in a real environment by investigating the effect of moisture

on device performance.
1. Introduction

Metasurfaces are a cluster of two-dimensional articial mate-
rials comprising an inerratic array of periodical, metal or
dielectric, sub-wavelength structures. They have attracted
extensive attention as a new way to manipulate electromagnetic
waves for diverse applications, including as absorbers,1–3

modulators,4–6 and biosensors7–10 because of their unusual
optical properties, including negative refractive indices, super-
lensing, articial magnetism, and hyperbolic dispersion.11–17

Their major mechanism is the sensitivity of their resonance
modes to changes in the microenvironment. However, when the
material and structural parameters of a metasurface are xed,
the resonance modes become stable, greatly limiting the met-
asurface's potential applications. Therefore, the combination of
metasurfaces with other semiconductor materials provides new
opportunities and possibilities for the development of dynamic,
functional THz devices.18–21

Perovskite is a material with the structure ABX3, where A is
an organic or inorganic cation, B is a metal cation, and X is
a halide anion. Perovskite materials can be divided into inor-
ganic metallic halide perovskites (A= Cs; B= Pb, Sn; X= Cl, Br,
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I) and organometallic halide perovskites (A = CH3NH3, CH3-
CH2NH3; B = Pb, Sn; X = Cl, Br, I). In recent years, organome-
tallic halide perovskites have shown excellent performance in
solar cells, photodetectors, and other optoelectronic devices.
They have attracted great research attention because of their
tunable optical band gap, high light absorption coefficients,
high carrier mobility, low cost, long carrier diffusion distance,
low-temperature processing, extremely low exciton binding
energy, and efficient charge transportation to the selective
contact layers.22–29

To further improve device performance, it is necessary to
combine organometallic halide perovskites with other semi-
conducting materials such as graphene. Graphene is a single-
atom-thick planar sheet of sp2-hybridized carbon in a honey-
comb lattice. Novoselov et al. rst successfully synthesized
monolayer graphene from bulk graphite in 2004 using
mechanical exfoliation.30 Research into the material's proper-
ties began with its magnetotransport properties and anomalous
Berry phase,31,32 and its optical, electronic, mechanical, and
thermal properties have attracted much attention since.
Monolayer graphene possesses high carrier mobility, zero band-
gap, tunable optical absorption, strong terahertz response,
optical transparency, mechanical exibility, high Fermi velocity,
a tunable Fermi level, and many other unique properties.33–41

Monolayer graphene, as a two-dimensional semiconductor
material, can be combined with perovskite to form a hybrid
structure, which is a promising route to effectively controlling
light–matter interactions and improving metasurface device
performance.42–44
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Here, we propose an actively tunable hybrid terahertz met-
asurface device comprising monolayer graphene and organo-
metallic halide perovskite (CH3NH3PbI3). Without
photoexcitation, the metasurface device has two weak reso-
nance peaks. The one at a lower frequency is the Fano reso-
nance mode, and the one at a higher frequency is the dipole
resonance mode. When 780 nm laser excitation at 250 mW
cm−2 is applied to the device, the THz transmission is signi-
cantly reduced. Because of the two modes' different physical
mechanisms, the Fano resonance mode is the more sensitive to
photoexcitation, and its resonance intensity is reduced while
the frequency is signicantly redshied. To explain these
observations, we calculated the device conductivity using
equivalent transmission line theory and established an equiv-
alent circuit model. We also veried the experimental results
using a nite-difference time-domain (FDTD) simulation.
Finally, we simulate the effect of a humid environment on
device performance by spraying a layer of water mist uniformly
on the surface of the device.

2. Experimental details

The experimental measurement system is a THz time-domain
spectroscopic (THz-TDS) system, as shown in Fig. 1(a). The
enlarged view in Fig. 1(a) shows the overall structure of the
sample and its components. Monolayer graphene was prepared
by chemical vapor deposition and shied to an undeled quartz
substrate with the dimensions 2 cm × 2 cm × 1 mm. Fig. 1(b)
shows the Raman spectrum of the graphene on the quartz
substrate. The locations of the G peak at ∼1586 cm−1 and the
2D peak at ∼2672 cm−1 demonstrate the high quality of the
monolayer graphene.

The metasurface was fabricated on the monolayer graphene
sheet via ultraviolet lithography. A microscope image of the
metasurface is shown in Fig. 1(c), where the structure and
parameters of the unit cell are shown in the inset. The unit cell
of themetasurface is a terahertz asymmetric split-ring resonator
(TASR). The congurable parameters of the TASR are as follows:
outer length L = 60 mm, line width w = 5 mm, gap width
(function as an equivalent capacitor) g = 5 mm, and period P =

75 mm. One of the gaps is aligned with the center of the unit cell,
while the other is displaced from the center by x = 20 mm to
create the asymmetry of the structure. The structural asymmetry
of the resonator is why the sharp, dark Fano resonance mode is
excited.

Finally, the perovskite (CH3NH3PbI3) solution was obtained
by putting 200 mg of methyl ammonium iodide (CH3NH3I) and
600 mg of PbI2 into a reagent bottle, followed by adding 1 ml of
dimethylformamide, and sonication at 70 °C for 30 min. A
proper amount of the prepared perovskite solution was taken
and dropped on the TASR/graphene/quartz sample. The spin-
ning coating speed was set as 1000 rpm for the rst 15 s and
2000 rpm for the last 30 s. Chlorobenzene solution was dropped
at the 8th second of the spin-coating process to induce crys-
tallization, and then the lm was formed. Finally, the spin-
coated sample was annealed at 100 °C for 15 min. Scanning
electron microscopy (SEM) images of the surface and cross
© 2023 The Author(s). Published by the Royal Society of Chemistry
section of the CH3NH3PbI3/TASR/graphene/quartz sample are
shown in Fig. 1(d). The photoluminescence of the CH3NH3PbI3
was measured, as shown in Fig. 1(e).

3. Results and discussion

Fig. 2(a) and (b) show the frequency-domain THz transmission
signals of the TASR/quartz and TASR/graphene/quartz samples,
respectively. In the absence of graphene, we observe two distinct
resonant absorption minima at 778 and 1172 GHz. The sharp
resonant absorption at the lower frequency corresponds to the
Fano resonant mode, which has a high Q factor. The resonance
absorption at the higher frequency corresponding to the dipole
resonant mode, which has a higher intensity and broad line
width. Aer adding the monolayer graphene, the resonant
intensities of both modes are signicantly decreased, and the
frequency of the Fano mode shows an obvious redshi, while
that of the dipole resonance mode undergoes a blueshi.

Fig. 2(c) and (d) show the frequency-domain THz trans-
mission signals of the CH3NH3PbI3/TASR/quartz and CH3NH3-
PbI3/TASR/graphene/quartz samples without and with
photoexcitation by a 780 nm laser at 250 mW cm−2. Without
photoexcitation, the CH3NH3PbI3/TASR/quartz sample has two
weak resonances at 500 and 1155 GHz, corresponding to the
Fano and dipole resonance modes, respectively. 780 nm laser
excitation causes the THz transmission to decrease slightly, the
frequency of the Fano resonance to weakly redshi from 500
GHz to 495 GHz, and the frequency of the dipole resonance to
faintly blueshi from 1155 GHz to 1158 GHz, while the reso-
nance intensity of the two modes barely changes.

In contrast, the response of the CH3NH3PbI3/TASR/
graphene/quartz sample is greatly amplied. There are two
weak resonances at 570 GHz and 1156 GHz, corresponding to
the Fano and dipole modes. When the sample is excited at
780 nm, the THz transmission decreases signicantly, while the
Fano and dipole resonances undergo more signicant red- and
blueshis, from 570 GHz to 552 GHz and from 1156 GHz to
1165 GHz, respectively. It is worth noting that the intensity of
the Fano resonance is obviously weakened during this process,
while that of the dipole resonance is almost unchanged.

To quantify the THz modulation, a modulation depth (MD)
is dened as follows:45–49

MD ¼
Ð
Plaser-offðuÞdu� Ð

Plaser-onðuÞduÐ
Plaser-offðuÞdu (1)

where Plaser-on(u) and Plaser-off(u) are the transmitted THz power
with and without photoexcitation, respectively. The MD of the
CH3NH3PbI3/TASR/graphene/quartz sample is 7.42%, while
that of the CH3NH3PbI3/TASR/quartz sample is only 3.71%.
Compared with pure CH3NH3PbI3, the hybrid structure of the
graphene and CH3NH3PbI3 leads to obvious changes in the MD,
the Fano resonant intensity, and the resonant frequencies of the
two modes under photoexcitation.

The lower-frequency Fano resonance mode of the meta-
material can only be excited because the inherent symmetry of
the split-ring structure is broken by the displacement of one of
the its gaps from the center of the unit cell (see Fig. 1(c)). The
Nanoscale Adv., 2023, 5, 756–766 | 757
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Fig. 1 (a) Schematic of the terahertz time-domain spectroscopic system and the sample used in this study. (b) Raman spectrum of monolayer
graphene on a quartz substrate. (c) Microscope image of the terahertz asymmetric split-ring resonator. The inset shows the structural parameters
of the unit cell. Scale bar = 75 mm. (d) SEM surface and cross-sectional images of the CH3NH3PbI3/TASR/graphene/quartz device. (e) A pho-
toluminescence image of the CH3NH3PbI3.
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Fano resonance is a dark-mode resonance, weakly coupled to
free space and excited by sub-radiant, anti-parallel surface
currents in the asymmetric resonator, so it is a sharp resonance
with high Q factor and low radiative losses.50–52 The resonance at
higher frequency, the dipole resonance mode, is excited by
a dipole-like parallel surface current in the split-ring resonator.
The dipole resonance is almost independent of the unit cell
symmetry and exists in both asymmetric and symmetric split-
ring resonator structures. The dipole resonance is a bright
758 | Nanoscale Adv., 2023, 5, 756–766
mode resonance with intense radiation coupling to free space,
broad resonant line width, and high resonant intensity.53

Aer adding graphene and/or perovskite, both the Fano and
dipole resonance modes change signicantly. The metasurface
creates a strong electric eld in the two capacitance gaps of the
asymmetric resonator by conning the electric eld to a high
sub-wavelength volume, increasing the interaction intensity
between the eld and the material layers. Because of this, both
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Frequency-domain THz transmission signals of (a) the TASR/quartz device and (b) the TASR/graphene/quartz device without photoex-
citation. (c, d) Frequency-domain THz transmission signals of (c) the CH3NH3PbI3/TASR/quartz device and (d) the CH3NH3PbI3/TASR/graphene/
quartz device without (black) and with (red) photoexcitation at 780 nm with a continuous-wave laser at 250 mW cm−2.
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resonance modes are affected by the addition of graphene and/
or perovskite.

We used an equivalent circuit model to further interpret the
mechanism of the interaction between the metasurface and the
material layer.54–57 The metallic stripes of the resonator corre-
spond to the inductances (L1 and L2), the split gaps correspond
to the capacitances (C1 and C2), and dissipation corresponds to
the resistances (R1 and R2). Fig. 3(a) shows the equivalent circuit
Fig. 3 Equivalent circuit models of (a) the TASR/quartz device and (b) th

© 2023 The Author(s). Published by the Royal Society of Chemistry
of the TASR/quartz sample. Considerable charge accumulates at
both ends of the two gaps in the asymmetric resonator—
equivalently, the plates of the two capacitors—resulting in an
intense electric eld in the resonator gaps. This corresponds to
the sharp Fano resonant mode with high Q factor and a dipole
resonant mode with broad line width and high intensity. The
addition of monolayer graphene and perovskite is equivalent to
adding parallel resistances Rg and Rp (functioning as an
e CH3NH3PbI3/TASR/graphene/quartz device.

Nanoscale Adv., 2023, 5, 756–766 | 759
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equivalent resistance Re) at both ends of each equivalent
capacitance, as shown in Fig. 3(b). This induces a short-circuit
effect, signicantly suppressing the electric eld in the two
gaps of the asymmetric resonator and decreasing the electric
eld strength, therefore reducing the intensities of both reso-
nance modes.

For the CH3NH3PbI3/TASR/graphene/quartz sample, the THz
transmission decreases signicantly upon photoexcitation,
while for the CH3NH3PbI3/TASR/quartz sample, the THz trans-
mission decreases only slightly. To explain this, we used
equivalent transmission line theory to calculate the change in
sample conductivity.58,59 The complex transmission function of
a conductive lm can be denoted as

TðuÞ ¼ EexcitedðuÞ
EnonexcitedðuÞ ¼

n þ 1

n þ 1 þ Z0dsu

¼ TrðuÞ þ iTiðuÞ:

(2)

The real and imaginary parts of the lm conductivity are
then:

sr ¼ n þ 1

Z0d

�
TrðuÞ

Tr
2ðuÞ þ Ti

2ðuÞ � 1

�
; (3)

si ¼ n þ 1

Z0d

�
� TrðuÞ

Tr
2ðuÞ þ Ti

2ðuÞ

�
; (4)
Fig. 4 The (a) real and (b) imaginary parts of the conductivity of the CH3

line theory without (black) or with (red) photoexcitation by a 780 nm laser
of the CH3NH3PbI3/TASR/graphene/quartz sample calculated using
photoexcitation.

760 | Nanoscale Adv., 2023, 5, 756–766
where Eexcited(u) and Enonexcited(u) are the electric eld intensi-
ties of the THz waves passing through the samples with and
without photoexcitation, respectively. d is the thickness of the
sample, u denotes the angular frequency of the THz waves, Z0 is
the impedance of free space, and n denotes the refractive index
of the quartz substrate. The complex conductivities of the
CH3NH3PbI3/TASR/quartz and CH3NH3PbI3/TASR/graphene/
quartz samples calculated using equivalent transmission line
theory are shown in Fig. 4(a)–(d).

The real and imaginary conductivities of the CH3NH3PbI3/
TASR/quartz sample are shown in Fig. 4(a) and (b). Both
increase weakly under photoexcitation. The real and imaginary
conductivities of the CH3NH3PbI3/TASR/graphene/quartz
sample, shown in Fig. 4(c) and (d), show a more obvious
increase compared with the CH3NH3PbI3/TASR/quartz sample.
Under photoexcitation, the more the conductivity of the sample
increases, the greater the modulation depth of the THz wave.

This can be explained by the way the graphene was prepared.
Because the monolayer graphene was fabricated by chemical
vapor deposition, it exhibits weak p-type doping.60 Therefore,
under photoexcitation, a large number of photo-generated
electron–hole pairs are generated in the CH3NH3PbI3 layer,
and the electrons are transferred to the graphene layer, where
they accumulate continuously, effectively reducing the recom-
bination of carriers. In pure CH3NH3PbI3, electron–hole pairs
NH3PbI3/TASR/quartz sample calculated using equivalent transmission
at 250mWcm−2. The (c) real and (d) imaginary parts of the conductivity
equivalent transmission line theory without (black) or with (red)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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generated under photoexcitation recombine rapidly. Therefore,
compared with the CH3NH3PbI3/TASRs/quartz sample, the
CH3NH3PbI3/TASRs/graphene/quartz sample has a more
obvious increase in conductivity and more signicant modula-
tion of the THz transmission.

Under photoexcitation, the intensity of the Fano resonance
mode of the CH3NH3PbI3/TASR/graphene/quartz sample also
decreases, except the signicant decrease in THz transmission,
and the resonance frequency undergoes a signicant redshi.
The intensity of the dipole resonant mode barely changes, while
its resonant frequency shows a blueshi. Thus, in the equiva-
lent circuit model of the CH3NH3PbI3/TASR/graphene/quartz
sample, the resistance Re in parallel with the equivalent
capacity C decreases. As Re decreases, the inhibitory effect of the
monolayer graphene and perovskite on the electric eld in the
gap increases, enhancing the short-circuit effect.

In the Fano resonance mode, there is a large amount of
heterogeneous charge accumulation at both ends of the gaps in
the asymmetric resonator, while for the dipole resonance mode,
which has a different physical mechanism, the charge accu-
mulation at the ends of the gaps is homogeneous. Therefore,
the Fano resonance mode is more sensitive to the short-circuit
effect; correspondingly, the resonance intensity of the Fano
mode is weakened under photoexcitation, while that of the
dipole mode is barely affected. Similarly, when a large number
of photo-generated electron–hole pairs are generated in the
sample under photoexcitation, the resonance frequency of the
Fano mode shis more obviously than that of the dipole mode.

To prove the reliability of these experiment results, we
simulated the devices with a nite-difference time-domain
(FDTD) solver. Fig. 5(a) shows the simulated frequency-
domain signal of the TASR/quartz sample. In the absence of
graphene and perovskite, there is a sharp resonance peak with
high Q factor at 778 GHz, which is the dark Fano resonance
mode, and a high-intensity resonance peak with broad line-
width at 1205 GHz, which is the bright dipole resonance mode.
Fig. 5(b) shows the simulated frequency-domain signal of the
CH3NH3PbI3/TASR/graphene/quartz sample, where we assume
that the graphene and perovskite have the same conductivity.
The conductivities of the graphene and perovskite in the
Fig. 5 Simulations of the frequency-domain THz transmission of (a) th
sample with varying graphene and perovskite conductivities.

© 2023 The Author(s). Published by the Royal Society of Chemistry
simulation are set to a value equivalent to that obtained when
applying continuous photoexcitation in the experiment. When
the conductivities of the graphene and perovskite are 0 S m−1,
there is a sharp, dark Fano resonance peak with high Q factor at
580 GHz, and a bright dipole resonant peak with broad line
width and high intensity at 907 GHz. The addition of the gra-
phene and perovskite results in a signicant redshi of the
frequencies of both the Fano and dipole resonance modes.

When the conductivities of the graphene and perovskite are
increased to 50 Sm−1, the resonance intensity of the Fanomode
is signicantly reduced, and its resonant frequency shows
a redshi from 580 to 512 GHz. The intensity of the dipole
resonant mode is also reduced gradually, and its resonant
frequency shows a blueshi from 907 to 985 GHz. As the
conductivities of the graphene and perovskite continue to
increase, the Fano resonant mode disappears gradually, and
only the dipole resonant mode remains, redshied from 985 to
892 GHz. Therefore, consistent with the experimental results, it
is mainly the Fano resonance that is affected by increasing the
conductivities of the graphene and perovskite, while the dipole
resonance mode is less affected.

Next, we simulated the electric eld distributions under
different conditions. Fig. 6(a) and (b) show the electric eld
distributions of the dark Fano resonance mode and the bright
dipole resonance mode, respectively, of the TASR/quartz
sample. In the absence of graphene and perovskite, there is
a very intense electric eld in the resonators in both the Fano
and dipole modes, which corresponding to a sharp Fano reso-
nant absorption with high Q factor and a dipole resonant
absorption with broad line width and high intensity.

Fig. 6(c) and (d) show the electric eld distributions of the
Fano and dipole resonance modes, respectively, of the CH3-
NH3PbI3/TASR/graphene/quartz samples when the conductivity
of the graphene and perovskite is 10 S m−1. The addition of the
graphene and perovskite signicantly reduces the electric eld
intensities of both resonance modes compared with the TASR/
quartz samples, resulting in the reduction of the resonance
intensities of both modes.

Fig. 6(e) and (f) show the electric eld distributions of the
Fano and dipole resonance modes, respectively, of the
e TASR/quartz sample or (b) the CH3NH3PbI3/TASR/graphene/quartz
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Fig. 6 The electric field distributions of (a) the Fano resonance mode and (b) the dipole resonance mode of the TASR/quartz samples. (c, d) The
electric field distributions of (c) the Fano resonance mode and (d) the dipole resonance mode of the CH3NH3PbI3/TASR/graphene/quartz
samples with graphene and perovskite conductivity 10 S m−1. (e, f) The electric field distributions of (e) the Fano resonance mode and (f) the
dipole resonance mode of the CH3NH3PbI3/TASR/graphene/quartz sample with graphene and perovskite conductivity 100 S m−1.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
1/

6/
20

25
 1

:5
5:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
CH3NH3PbI3/TASR/graphene/quartz samples when the
conductivity of the graphene and perovskite is 100 S m−1.
Notably, as the conductivities of the graphene and perovskite
increase, the electric eld distribution intensity of the Fano
resonance mode decreases signicantly, while that of the dipole
resonance mode decreases only slightly. When the conductivi-
ties of the graphene and perovskite change, it mainly affects the
Fano resonance mode, but not the dipole resonance mode,
which is consistent with the experimental and simulation
results.

We also simulated the surface current distributions under
different conditions. Fig. 7(a) and (b) show the surface current
distributions of the dark Fano resonance mode and the bright
dipole resonance mode, respectively, of the TASR/quartz
samples. For the Fano resonance mode, anti-parallel surface
currents form a current loop in the TASR, where the gaps act as
762 | Nanoscale Adv., 2023, 5, 756–766
equivalent capacitors, and thus the accumulation of heteroge-
neous charges is observed at both ends of the gaps. Thus, in the
Fano resonant mode, the strong electric eld is conned to the
two gaps of the resonator, which results in a higher sensitivity of
the Fano resonance to changes in the material layer and its
conductivity.

However, for the dipole resonance mode, parallel surface
currents are observed on the two arms of the TASR without
gaps, resulting in the accumulation of homogeneous charges at
both ends of the gaps. Thus, in the dipole resonant mode, the
electric eld intensity in the two gaps of the resonator is weaker
than that in the Fano resonance mode, so the dipole resonance
mode has lower sensitivity to changes in the material layer and
its conductivity. These simulations explain the above experi-
mental and simulation results.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The surface current distributions of (a) the Fano resonancemode and (b) the dipole resonancemode of the TASR/quartz sample. (c, d) The
surface current distributions of (c) the Fano resonance mode and (d) the dipole resonance mode of the CH3NH3PbI3/TASR/graphene/quartz
sample with graphene and perovskite conductivity 10 S m−1. (e, f) The surface current distributions of (e) the Fano resonance mode and (f) the
dipole resonance mode of the CH3NH3PbI3/TASR/graphene/quartz sample with graphene and perovskite conductivity 100 S m−1.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
1/

6/
20

25
 1

:5
5:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
It is worth noting that both the Fano resonance mode and
the dipole resonance mode have strong surface current distri-
butions in this simulation, so the resonance intensities of the
two modes are very strong. Fig. 7(c) and (d) show the surface
current distributions of the Fano and dipole modes, respec-
tively, of the CH3NH3PbI3/TASR/graphene/quartz samples when
the conductivity of the graphene and perovskite is 10 Sm−1. The
surface current distributions are weakened for both modes, so
the addition of the graphene and perovskite affects both
resonances.

Fig. 7(e) and (f) show the surface current distributions of the
Fano and dipole resonance modes, respectively, of the CH3-
NH3PbI3/TASR/graphene/quartz samples when the conductivity
of the graphene and perovskite is 100 S m−1. As the
© 2023 The Author(s). Published by the Royal Society of Chemistry
conductivities of the graphene and perovskite increase, the
surface current distribution of the Fano mode is signicantly
weakened, while that of the dipole mode only slightly weakens.
Again, changes in the conductivities of the graphene and
perovskite mainly affect the Fano mode, while the dipole mode
is only slightly affected.

It is well known that the performance and stability of opto-
electronic devices based on perovskite materials are very
sensitive to moisture and humidity in the environment because
perovskite is easily degraded and damaged by water.61–64

Therefore, we investigated the effect of a humid environment on
the actively-tunable hybrid terahertz metasurface device. First,
we sprayed a layer of water mist uniformly on the surface of the
CH3NH3PbI3/TASR/graphene/quartz sample (i.e. on the
Nanoscale Adv., 2023, 5, 756–766 | 763
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Fig. 8 Frequency-domain THz transmission by the CH3NH3PbI3/
TASR/graphene/quartz sample wetted with water mist without
photoexcitation (black) and excited by a 780 nm continuous-wave
laser at 250 mW cm−2 (red).
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CH3NH3PbI3 layer) to simulate the degradation of CH3NH3PbI3
by water in humid air. Next, the sample was tested in the THz-
TDS system to obtain the frequency-domain THz transmission
signal without and with photoexcitation by a 780 nm laser at 250
mW cm−2. Under photoexcitation, the MD of the sample was
only 0.6%, and the resonance intensities of both the Fano and
dipole resonance modes were almost unchanged because of the
water degradation of the CH3NH3PbI3 layer. However, it is worth
noting that the resonance frequencies of the two modes still
shied signicantly under photoexcitation. The frequency of
the Fano resonance mode redshied from 551 to 543 GHz,
while that of the dipole resonance mode blueshied from 1134
to 1137 GHz. Thus, the CH3NH3PbI3/TASR/graphene/quartz
sample proposed in this study can be used as a frequency-
tunable THz metasurface switch in a dry environment, while
in a wet environment, it becomes a THz frequency-selective
device. The above results are useful for practical applications
of optoelectronic devices based on organometallic halide
perovskite materials (Fig. 8).
4. Conclusion

In this work, we investigated the properties of an actively
tunable, hybrid terahertz metasurface device comprising
monolayer graphene, organometallic halide perovskite (CH3-
NH3PbI3), and ametasurface consisting of terahertz asymmetric
split-ring resonators (TASR). The metasurface has two reso-
nance modes: the one at lower frequency is the Fano resonance,
while the one at higher frequency is the dipole resonance. With
the addition of monolayer graphene and CH3NH3PbI3, the
resonance intensities of the two modes are signicantly weak-
ened, and the resonance frequencies undergo a simultaneous
redshi. When the sample is excited by 780 nm laser excitation
at 250 mW cm−2, the THz transmission is signicantly reduced,
and multidimensional manipulation of the Fano resonance is
764 | Nanoscale Adv., 2023, 5, 756–766
achieved. However, the resonance intensity of the dipole mode
is almost unchanged, and its frequency undergoes a blueshi.
We explained the physical mechanism using equivalent trans-
mission line theory and equivalent circuit models and veried
the experimental results using a nite-difference time-domain
simulation. Finally, we investigated the effect of moisture on
device performance, and found that under photoexcitation,
a sample wetted with water mist undergoes almost no modu-
lation of the THz wave or the intensity of the resonance modes,
but the resonance frequencies still shi signicantly. This
characterization provides a foundation for applications of
hybrid metasurface devices based on organometallic halide
perovskite and other semiconductor materials in realistic
environments.
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