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The resonant phase of metasurface, incorporating the geometric phase and propagation phase, has become one of the
most effective methodologies to control the electromagnetic wavefronts. In this study, we numerically propose a graphene-
based reflective metasurface that employs the resonant phases for terahertz (THz) wavefront control. The metasurface
consists of a one-dimensional (1D) graphene grating, a silicon dioxide spacer, and a gold back mirror, which form a
Fabry–Perot-type resonant cavity. By tuning the grating width, we achieve precise 0–2π phase control, enabling THz
beam deflection and focusing. By further introducing electrical doping to change the Fermi level of the graphene grating,
we can realize dynamic phase modulation through a directly applied electrical bias. As a result, the electrically tunable
metasurface supports continuously adjustable beam steering and focal lengths without altering its physical structure. These
results demonstrate the metasurface’s potential for reconfigurable and compact THz photonic devices.
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1. Introduction

Terahertz (THz) waves, spanning the frequency range of
0.1 THz–10 THz between microwave and infrared bands, have
attracted increasing attention due to their immense potential in
applications such as wireless communications, imaging, and
spectroscopy.[1] However, the efficient control and manipula-
tion of THz waves remain a significant challenge due to the
lack of standard optical components. Metamaterials, as artifi-
cially designed materials with special electromagnetic (EM)
properties,[2–5] have gradually become one of the most im-
portant research directions due to their excellent ability to
manipulate THz waves. In particular, metasurfaces, as two-
dimensional (2D) metamaterials, have become a hotspot in
research because of their unique characteristics.[6–10] By de-
signing subwavelength-scale planar structures, metasurfaces
can effectively control the phase, amplitude, or polarization
of EM waves, thereby enabling precise manipulation of THz
waves.[11] Based on this property, many THz devices based on
metasurfaces have been proposed, such as metalenses,[12–15]

vortex beam generators,[16–18] and beam deflectors.[19,20]

Although conventional metasurfaces have demonstrated

various physical effects in THz manipulation, most of them
are based on static designs. That is, once the devices are fab-
ricated, their EM responses are fixed, making them unsuitable
for dynamic control applications. In recent years, tunabil-
ity and reconfigurability have emerged as research hotspots.
These approaches rely on integrating stimuli-responsive ma-
terials to enable real-time modulation of the metasurface
responses.[21–25]

Several studies have explored materials such as GaAs,
VO2, and 2D electron gas (2DEG) to dynamically alter their
dielectric constants or conductivities under external stimuli
like electric fields, thermal excitation, or optical pumping.[26]

For instance, VO2 can switch between metallic and insulat-
ing phases, modulating THz transmission and reflection upon
thermal or optical activation.[27–31] Similarly, 2DEG struc-
tures, known for their high carrier mobility, enable GHz-scale
modulation speeds through their gate voltage control of res-
onance strength.[32] Nonetheless, these materials often suffer
from limitations such as slow response times, high losses, or
complex integration, hindering their application in high-speed
communication and compact optoelectronic systems.

In contrast, graphene, as the first successfully isolated
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2D material, exhibits exceptionally high carrier mobility
(>104 cm2/V · s)[33] and tunable surface conductivity, mak-
ing it a naturally well-suited candidate for THz plasmonic
applications.[34–36] By applying a gate voltage, the motion of
free carriers in graphene can be efficiently modulated, thereby
tuning its chemical potential and surface conductivity. Un-
like materials such as VO2 or GaAs that rely on discrete phase
transitions, graphene enables continuous and reversible con-
ductivity modulation through electrostatic gating or chemi-
cal doping, allowing fine and real-time control of the reflec-
tion amplitude and phase without altering the device geome-
try. Thanks to its ultrafast carrier dynamics, graphene exhibits
picosecond–nanosecond response under gate bias, greatly en-
hancing the real-time tunability of THz metasurfaces. Conse-
quently, graphene-based metasurfaces combine low-loss plas-
monic behavior,[37,38] broadband continuous tunability, and
ultrafast electrical response, providing an ideal platform for
high-speed and reconfigurable THz wave control.[39–43]

In this work, we propose a tunable reflective metasurface
based on a 1D graphene grating structure. The design fea-
tures a Fabry–Perot-type cavity configuration where the front
graphene grating acts as a semi-reflective mirror, the back
metal mirror ensures high reflectivity, and a silicon dioxide
layer fills the cavity to enable resonance. By tuning the grat-
ing width, precise control over the reflection phase is achieved,
allowing the construction of static devices such as a metalens

and a beam deflector. Furthermore, we demonstrate a dynamic
electrically tunable approach by modulating the Fermi level of
graphene through gate voltage, enabling functionalities such
as a varifocal lens and a reconfigurable beam modulator. Sim-
ulation results confirm that the metasurface achieves a reflec-
tion phase modulation range approaching 2π with high reflec-
tivity, validating its superior performance and potential for ap-
plications in THz communication and imaging.

2. Design of graphene-based THz metasurface
2.1. Design of the metasurface

Figure 1(a) shows the graphene-based metasurface de-
sign, where the unit cell structure comprises a front semi-
reflective mirror formed by a 1D graphene grating, a back mir-
ror made of highly reflective gold, and a middle dielectric layer
of silicon dioxide acting as the resonant cavity. The Fermi
level of the graphene grating can be mediated by electrical
doping such that the graphene grating exhibits metal-like op-
tical properties for plasmonic resonance in the THz frequency
range, as shown in Fig. 1(b). The resonant phase covering the
0–2π range can be obtained when the x-polarized THz wave is
incident on the metasurface. In this work, the proposed device
is primarily designed for the manipulation of transverse mag-
netic (TM) polarized THz waves, where the electric field is
perpendicular to the graphene grating strips (along the x-axis).

Gold

Air

SiO
2

Graphene

1e6

0.0

1.0

2.0

3.0

4.0

5.0

6.0

|E
| (

V
/m

)

Graphene

1e6

0.0

0.2

0.4

0.6

0.8

1.0Air

SiO
2

Gold x

y

x

y

x

z

y

(c) (d)

(a)
(b)

E/. eV E/. eV

Vg

EF

x

z

y

tg

ts
SiO2

SiO2 SiO2

x

z

y

Graphene

Graphene Graphene

Gold (G) Gold (G)

Gold (G)

v0

v1 v2 v3 v1 v2 v3′′′

D

S

Fig. 1. Schematic diagram of the electrically tunable graphene metasurface and its modulation mechanism. (a) Perspective view of a graphene grating structure
composed of two unit cells, where ts = 6.3 µm, tg = 0.5 µm, A = 16 µm. (b) Fermi level tuning via applied gate voltage at an operating frequency of 8 THz,
enabling dynamic modulation of the graphene surface conductivity; bottom panels show simulated electric field distributions of a unit cell at different Fermi
levels. (c) Electrically controlled beam deflector based on phase gradient engineering. (d) Electrically tunable metalens achieving dynamic focal tuning via
spatially varying gate voltages.
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Two main strategies can be employed to design graphene-
based THz metasurfaces. First, periodically arranged
graphene gratings can be uniformly biased by the same volt-
age, i.e., equalizing the Fermi level, as shown in Fig. 1(a). To
realize THz functional devices like a beam deflector or a met-
alens, the geometric parameters, e.g., the width of graphene
gratings or the unit cell period, can be manipulated and arti-
ficially arranged. Alternatively, the graphene gratings can be
uniformly distributed but each grating can be biased indepen-
dently by artificially coded voltages. As a result, a THz beam
deflector or a metalens can be further designed with reconfig-
urable characteristics, as shown in Figs. 1(c) and 1(d), respec-
tively.

From a fabrication perspective, the proposed metasurface
can be realized using conventional micro/nano-fabrication
techniques. Single-layer graphene can be grown using a
copper-catalyzed chemical vapor deposition (CVD) approach
in a quartz tube furnace with CH4 and H2 as precursors. Af-
ter growth, graphene sheets larger than 1 cm2 can be trans-
ferred onto the SiO2 substrate using a PMMA-assisted wet-
etch method to remove the copper catalyst.[44,45] Finally, the
graphene can be patterned into a one-dimensional grating us-
ing standard photolithography followed by oxygen plasma
etching. This fabrication route is fully compatible with cur-
rent CMOS processes and has been widely demonstrated in
graphene-based metasurface research.

2.2. Graphene optical properties in the THz range

Graphene is a unique 2D dispersive material exhibiting
strongly frequency-dependent electrical responses in the THz
regime. Its surface conductivity is typically described using
the Kubo formalism. Under the random phase approximation
(RPA),[46,47] the conductivity can be simplified as a combina-
tion of intraband and interband contributions, both expressed
as functions of the angular frequency:

σintra (ω) =
e2kBT τ

π h̄2 (1− iωτ)

[
µc

kBT
+2ln

×
(

exp
(
− µc

kBT

)
+1
)]

, (1)

σinter (ω) =
ie2

4π h̄
ln

[
2 |µc|−

(
ω + iτ−1

)
h̄

2 |µc|+(ω + iτ−1) h̄

]
, (2)

where τ denotes the electron relaxation time, µc represents the
chemical potential of graphene, e is the electron charge, T is
the temperature, kB stands for Boltzmann’s constant, and h̄ in-
dicates the reduced Planck constant.

Since the interband conductivity primarily originates
from electron transitions across the Dirac point, such transi-
tions can only occur when the incident photon energy exceeds
twice the chemical potential. Therefore, in the THz range and

for µc ≥ 0.1 eV, the interband contribution becomes negligi-
ble. In this case, the total surface conductivity is dominated by
the intraband term, which closely follows the Drude model,
similar to that of noble metals. As a consequence, we mainly
adopt the intraband conductivity (i.e., Eq. (1)) in this work.
It is also worth mentioning that the chemical potential (Fermi
level) of graphene can be dynamically tuned by applying ex-
ternal gate voltages. When a positive gate voltage is applied,
the carrier concentration in graphene increases, progressively
filling the Dirac cone and thereby raising the Fermi level and
leading to the variation of graphene’s surface conductivity.[48]

This property is employed to design reconfigurable electronic
and EM devices. In monolayer graphene, the relationship be-
tween the gate voltage Vg, carrier concentration n, and Fermi
level EF can be described as follows:

EF = h̄vF
√

π |n|, (3)

n =
Cg
(
Vg−VDirac

)
e

, (4)

where vF is the Fermi velocity, Cg is the gate capacitance per
unit area, VDirac is the Dirac point voltage, and e is the elemen-
tary charge. These expressions indicate that the Fermi level
is proportional to the square root of the gate voltage deviation
from the Dirac point.

By considering an effective graphene thickness of heff =

1 nm, the corresponding linear relative permittivity is given
by[49]

ε (ω) = 1+
iσs

ε0ωheff
. (5)

0.0

4.0

2.0

1e-2

Im
[σ

s]
 (

S
/m

)

1e-2
13.0

0.0

6.5

R
e[

σ
] 

(S
/m

)

2.5

0.0

0.5

1.0

1.5

2.0

-1.0
2.5

0.0

0.5

1.0

1.5

2.0

-4.0

-7.0

1e5

Frequency (THz)
1 104 7

R
e[

ε]

1e5
2.4

0.0

1.2

Frequency (THz)
1 104 7

Im
[ε

]

(a) (b)

(c) (d)

s

F
er

m
i 

le
v
el

 (
eV

)
F

er
m

i 
le

v
el

 (
eV

)

Fig. 2. (a)–(b) Graphene surface conductivity as a function of Fermi
level and frequency. (c)–(d) Dependence of graphene’s permittivity on
Fermi energy and frequency.

Figure 2 illustrates how the surface conductivity and per-
mittivity of graphene vary with frequency and Fermi level,
thereby validating its tunable EM properties under different
bias conditions. In all numerical simulations, unless otherwise
specified, the carrier relaxation time is set to τ = 0.5 ps and
the temperature to T = 300 K. The refractive index of the sil-
icon dioxide spacer is fixed at 1.5, while the gold back mirror
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is modeled as a perfect electric conductor (PEC). The incident
wave is transverse-magnetic (TM) polarized and normally in-
cident onto the metasurface.

3. Static graphene metasurfaces
3.1. Analysis of reflectance and phase

To investigate the phase modulation capability of the
graphene-based metasurface, the width of the graphene grat-
ing is varied by using the finite element method in the com-
mercial software COMSOL Multiphysics. The metasurface
structure was modeled according to the design described in
Fig. 1, where the periodic boundary condition was applied
along the x-axis. The transition boundary is adopted to de-
pict the graphene with the corresponding surface conductiv-
ity defined via the Drude formula, capturing its frequency-
dependent electromagnetic response. The back reflector was
modeled as a perfect electric conductor (PEC) to approximate
an ideal high-reflectivity gold mirror, and the refractive index
of the intermediate silicon dioxide layer was set to 1.5. With
graphene’s Fermi level fixed at 1.2 eV, a parametric sweep was
conducted over both frequency and grating width to examine
the reflection characteristics of the metasurface. The result-
ing reflection amplitude and phase distributions as functions
of frequency and grating width are shown in Fig. 3. When the
grating width exceeds approximately 12 µm, a higher-order
resonance is excited inside the cavity, resulting in a noticeable
decrease in reflectance. However, such unit cells are not em-
ployed in our metasurface design. In practice, only elements
with width < 12 µm are selected, where the reflection ampli-
tude stays above 0.5. Based on these selected unit cells, we
calculated the overall efficiency of the metasurface by taking
the arithmetic mean of the reflectance values, yielding an effi-
ciency of approximately 82.3% at 8 THz.
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The simulation results provide a database for both phase
range and reflection efficiency that allows us to design
resonant-phase-modulated metasurfaces for THz wavefront
control. For example, at a frequency of 8 THz, the achiev-
able phase coverage reaches up to (5/3)π and the reflectance

remains above 0.5 by simply varying the grating width, as
shown in Fig. 3. Therefore, the actual device can be designed
by solely changing the grating width of the graphene, which
may also facilitate the real device fabrication.

3.2. THz beam deflector

We first demonstrate a beam-bending metasurface device,
as shown in Fig. 4. The underlying principle is governed by
the generalized Snell’s law[20]

sin(θr)− sin(θi) =
λ

2π ·ni
· dϕ

dx
, (6)

where ni denotes the refractive index of the incident medium,
dϕ/dx is the phase gradient at the interface between two me-
dia, and λ stands for the wavelength of the incoming THz
wave. The angles of incidence and reflection are denoted by θi

and θr, respectively. When the incidence is normal and ni = 1
(air), the corresponding reflection angle can be determined by

θr = sin−1
(

λ

2π
· dϕ

dx

)
. (7)

In our numerical simulation, the device containing 84
graphene gratings was designed and arranged, where widths
were carefully chosen such that the phase difference between
adjacent units was maintained at π/3. For the designed device
in this configuration, every six units form a complete array
with a total phase coverage of 2π . Therefore, the 84 units cor-
respond to 14 repeated arrays. The required grating width of
each grating is selected based on the phase–width relationship
shown in Fig. 3.
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law. The strong zero-order reflection is mainly due to the intense reflection
from the gold substrate.

Figure 4 shows the simulated electric field distribution
of the reflected wave and the corresponding far-field radiation
pattern, where the deflection direction with maximum energy
intensity is clearly observed. The numerically simulated de-
flection angle matches well with the theoretical value, con-
firming the effectiveness of the beam deflector design. Un-
der normal incidence at a frequency of 8 THz, the simula-
tion results clearly show that the wavefront is deflected with a
bending angle around 23◦, which is consistent with the predic-
tion from the generalized Snell’s law. It should be noted that
Fig. 4 clearly exhibits a strong zero-order reflection, primarily
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due to the intense specular reflection from the gold substrate.
The deflection efficiency, defined as the ratio of the first-order
diffraction power to the total reflected power, is calculated to
be 30.4% at 8 THz for the structure.

3.3. THz metalens

The metalens is another typical device that requires phase
manipulation of EM waves. To obtain a graphene-based met-
alens with a single focal point, it is essential to design the re-
flected waves from each resonant grating that arrive at the fo-
cal point with identical phase. For a given focal length F , the
phase profile at the reflective interface must satisfy the follow-
ing expression:

ϕ (x) =
2π

λ

(√
F2 + x2−F

)
. (8)

In this design, the Fermi level is fixed as 1.2 eV, and phase
modulation is achieved by varying the grating width of each
unit cell. However, since the attainable phase range does
not fully cover 2π , a modified phase distribution strategy is
employed. Specifically, we design a realizable phase profile
by focusing on maintaining appropriate phase differences be-
tween adjacent unit cells. In such a design, the focal length is
chosen as F = 400 µm, and the transverse coordinate is dis-
cretized as x=mA, where A is the unit cell period and m=±1,
±2, . . ., ±22. Based on the grating resonant phase–width re-
lationship provided in Fig. 3, the corresponding discrete phase
distribution as a function of x is plotted in Fig. 5(a).
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As shown in Figs. 5(b) and 5(d), the designed metal-
ens exhibits a clear focusing behavior under normal incidence
at 8 THz, where the focal spot is located at approximately
y = 440 µm. The deviation from the designed focal length
is primarily attributed to the finite size of the unit cells and the

phase discontinuities caused by the limited phase coverage.
The normalized field intensity profile along the x-axis at the
focal plane is plotted in Fig. 5(c). The full width at half max-
imum (FWHM) is measured to be 47 µm, and the focusing
efficiency of the metalens is 30.8%.

The efficiency reduction arises from phase discretization
among adjacent elements and partial reflection losses due to
impedance mismatch between the graphene surface and the
dielectric layer.

4. Electrically reconfigurable graphene meta-
surfaces

4.1. Analysis of reflectance and phase

Since the graphene metasurface designed based on grat-
ing width is inherently static, it may not be able to meet the
practical demands for tunable devices. Since practical tera-
hertz metasurface devices require tunability and reconfigura-
bility, static structures are often insufficient to meet applica-
tion demands. Graphene, however, offers an effective solu-
tion: by varying the applied gate voltage, we can modulate
the carrier density, which in turn shifts the Fermi level and
alters the surface conductivity. This intrinsic electrical tun-
ability makes graphene highly adaptable to the requirements
of dynamic THz control. Therefore, we further investigated
its electro-modulation characteristics. To address this limita-
tion, we further investigated the structure’s electrical tunabil-
ity. Given that the gate voltage directly affects the Fermi level
of graphene and thereby modulates its surface conductivity,
we simulated the variation in gate bias by adjusting the Fermi
level, in order to evaluate the dynamic tunability of the re-
flected wave under fixed grating width conditions.

Through parameter sweeps, we fixed the grating width
at 2.875 µm. The reflection phase and amplitude were then
analyzed as functions of the Fermi level across different fre-
quencies. As shown in Fig. 6, at an incident frequency of
8 THz, the reflection phase achieves a tunable range of up to
(11/6)π , while the reflectance remains above 0.35. This result
demonstrates a superior phase tuning capability compared to
the static metasurface structure based solely on grating width
variation.
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4.2. THz reconfigurable beam deflector

To validate the practical effectiveness of the proposed
electrically tunable graphene unit structure in beam steering
applications, we conducted a series of simulations based on
the generalized Snell’s law. By dynamically modulating the
phase profile of the unit cells via Fermi level adjustment, we
achieved continuous tuning of the reflection angle under nor-
mal incidence at 8 THz.

Specifically, the beam deflector consists of 132 unit cells,
which are divided into different arrays according to the design
requirements, with each array covering a full 2π phase range.
When the phase gradients were set to the following values
π/6, π/3, π/2, and 2π/3, the corresponding numbers of unit
cells in each array are 11, 6, 4, and 3, respectively. Following
this design principle and as illustrated in Fig. 6, the Fermi level
of each unit cell was adjusted to satisfy the required phase dis-
tribution, and numerical simulations were subsequently per-
formed. The simulation results, which include the electric
field distributions and corresponding far-field patterns for var-
ious tuning states (as shown in Fig. 7), demonstrate that the
reflected beam can be continuously steered over a wide an-

gular range from 11.1◦ to 51.2◦, confirming the strong tun-
ability of the proposed structure. As the phase gradient in-
creases, the deflection efficiencies are 33.3%, 31.0%, 29.7%,
and 27.4%, respectively. The gradual decrease in efficiency
is mainly attributed to the enhanced phase gradient that in-
creases diffraction into higher-order modes, as well as the in-
trinsic impedance mismatch between the graphene sheet and
the dielectric spacer.

It is worth noting that in this work, we only simulated
phase profiles with monotonically increasing phase along the
x-axis. However, by inverting the phase gradient (i.e., decreas-
ing phase along the x-axis), the reflection direction can be
symmetrically reversed, offering an extended degree of con-
trol.

A comparison between the simulated deflection angles
and theoretical predictions reveals an angular error of less than
0.1◦ in all cases. This excellent agreement confirms the high
precision and robustness of the proposed device for manipu-
lating reflected THz waves, thereby validating its feasibility
and potential for practical implementation as an electrically
tunable beam deflector.
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a certain portion of the reflected wave remains in the zeroth-order direction, with the calculated deflection efficiencies being 33.3%, 31.0%, 29.7%, and
27.4%, respectively.

4.3. THz reconfigurable metalens

To further demonstrate the flexibility and practical poten-
tial of the proposed electrical tuning strategy, we designed an
electrically focus-tunable metalens. By dynamically adjusting
the Fermi level of the graphene unit cells, the focal position
can be reconfigured in real time. The device consists of 87 unit
cells in total, including one central unit and 43 units on each
side, where the phase distributions of the left and right units
are designed symmetrically. The Fermi level of each unit is
determined according to the ideal phase distribution function
described in Eq. (8). Based on the target focal length F , the
corresponding reflection phase profile is constructed, and the

Fermi levels of the unit cells are tuned to match the desired
phase response.

Under normal incidence at 8 THz, we configured four
metalens designs with focal lengths of 200 µm, 400 µm,
600 µm, and 800 µm. The simulated results are presented in
Fig. 8. Figure 8(a) displays the theoretical phase profiles (blue
curves) and the corresponding Fermi level distributions (red
curves) as functions of the transverse position x. We adjusted
the Fermi level of each unit cell to satisfy the prescribed phase
distribution and carried out numerical simulations accordingly.
The resulting reflected electric field distributions and the time-
averaged Poynting vectors for the four focal configurations are
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presented in Figs. 8(b) and 8(c), respectively. All cases clearly
exhibit focusing behavior at their respective target positions.
Despite the variation in phase profiles across different focal
lengths, accurate phase matching is achieved through appro-
priate Fermi level modulation, enabling effective control over
the focal spot location.

Figure 8(d) presents the normalized intensity profiles
along the focal plane for each case. The full width at half max-
imum (FWHM) of the focused beams is 20 µm, 47 µm, 65 µm,
and 87 µm, and the focusing efficiencies for the four focal

lengths are 26.7%, 34.5%, 33.4%, and 32.0%, respectively,
demonstrating strong focusing performance across the entire
zoom range. A slight deviation is observed in the 800 µm case,
which can be attributed to phase discretization errors caused
by the limited number of unit cells. Nevertheless, the overall
accuracy remains high.

These results confirm that by electrically tuning the Fermi
levels of individual unit cells, real-time focal length adjust-
ment can be achieved, paving the way for ultrathin, reconfig-
urable, and integrable planar optical devices.
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Fig. 8. Simulated results of the electrically tunable-focus metalens at different focal lengths: (a) reflection phase (blue) and required Fermi
level (red) as functions of position x; (b) reflected electric field distributions (|E|); (c) time-averaged Poynting vector distributions (Sy); (d)
normalized intensity profiles along the focal plane with corresponding FWHM. The results confirm that dynamic tuning of the Fermi level
enables continuous focal length modulation from 200 µm to 800 µm under 8-THz normal incidence.

5. Conclusion

In this work, we designed and simulated a graphene-
based reflective metasurface capable of both static and dy-
namic phase modulation in the THz regime. By tuning the
grating width and the Fermi level of graphene, we enabled two
types of functionalities, including fixed-structure beam deflec-
tion and metalensing, as well as electrically tunable beam
steering and focal length adjustment. The metasurface ex-
hibits high reflectance and a phase tuning range close to 2π ,
with deflection angle errors within 0.1◦, confirming its pre-
cise wavefront control capabilities. Moreover, although the
present metasurface achieves 1D phase modulation along the
x-direction, this concept can be naturally extended to 2D wave-
front control. By integrating two orthogonal graphene strip
gratings within each unit cell and introducing a thin insulating
layer (such as SiO2) between them to ensure electrical isola-
tion, independent bias tuning of the two graphene strips can be

realized. This configuration enables dynamic and fully inde-
pendent modulation of the reflected THz phase in both dimen-
sions. Consequently, such a 2D extension offers greater flexi-
bility and can support advanced functionalities, including vor-
tex beam generation, dynamic holography, and polarization-
dependent wavefront engineering. We believe that the pro-
posed electrically tunable graphene metasurface offers a ro-
bust foundation for developing next-generation reconfigurable
THz photonic devices.
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