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Metasurfaces have become a new photonic structure for providing potential applications to develop integrated
devices with small thickness, because they can introduce an abrupt phase change by arrays of scatterers. To be
applied more widely, active metasurface devices are highly desired. Here, a tunable terahertz meta-lens whose
focal length is able to be electrically tuned by ∼4.45λ is demonstrated experimentally. The lens consists of a
metallic metasurface and a monolayer graphene. Due to the dependence of the abrupt phase change of the meta-
surface on the graphene chemical potential, which can be modulated using an applied gate voltage, the focal
length is changed from 10.46 to 12.24 mm when the gate voltage increases from 0 to 2.0 V. Experimental results
are in good agreement with the theoretical hypothesis. This type of electrically controlled meta-lens could widen
the application of terahertz technology. © 2018 Chinese Laser Press

OCIS codes: (110.6795) Terahertz imaging; (060.5060) Phase modulation; (160.3918) Metamaterials; (230.4110) Modulators;

(050.1965) Diffractive lenses.
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1. INTRODUCTION

In the past decade, terahertz (THz) technology has aroused enor-
mous interest in the science and application communities due to
its great application potentials from information and communi-
cations to security, quality monitoring of agricultural products,
and biological and medical sciences [1,2]. Although promising
steps have been taken, the great challenge of lack of miniaturi-
zation and system integration still remains due to the large and
bulky scale of the optical components in this frequency region
[3]. Metasurfaces, composed of arrays of metallic or dielectric
micro/nano scatterers, may be a possible solution and have been
studied intensively [4–7]. Unlike conventional optical devices
realizing phase modulation by optical path accumulation, the
metasurface devices introduce an abrupt modulation of light
wavefront in two-dimensional (2D) space, and thus ultrathin op-
tical components are able to be realized. For example, achromatic
meta-lenses based on dielectric resonators have been proposed,
which may replace traditional multi-lens combinations [8,9].
At THz frequencies, many functional metasurface structures with
deep subwavelength thickness have also been proposed for wave
deflection, focusing, imaging, and polarization selection [10–13].

In order to achieve wavefront control, reconfigurable imag-
ing, and dynamical holography, active metasurfaces are highly
desired. However, a metallic or dielectric-only metasurface lacks
tunability once the structure is complete, limiting the applica-
tion of these kinds of 2D modulators. To address this problem,
many materials have been proposed recently that enable meta-
surfaces to be actively tunable, such as phase-change materials
[14,15], oxide-semiconductor field-effect transistors [16], and
stretchable substrates [17]. Unfortunately, all of these devices
work in the visible or near-infrared regime. In addition, these
tuning mechanisms, which are based on force, heat, or mag-
netic fields, suffer a slow tuning speed. Graphene, a typical 2D
material consisting of a single atomic layer of hexagonal carbon
lattice [18], has become an outstanding photonics material
nowadays [19]. Besides the ultra-thin thickness, graphene also
has the intriguing merit that its optical properties can be
changed using chemical doping or electrostatic gating with a
high speed of ∼megahertz (MHz) [20–22]. Furthermore,
this tuning mechanism is also valid at THz frequencies due
to the intra-band electron-photon scattering processes [23].
Consequently, active THz metasurfaces can be developed using
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graphene. In 2011, Ju et al. proposed a graphene grating for
tuning the intensity of a transmitted THz wave [24]. Then sev-
eral tunable metamaterial structures assisted by the graphene
were theoretically or experimentally proposed for wave inten-
sity modulation and surface plasmon polariton modulation
[25–28]. In 2015, tunable hybrid metal–graphene plasmons
and a graphene-based THz spatial light modulator were re-
ported [29,30]. A systematic study of tunable phase modula-
tion in the THz regime by metallic metasurfaces combined
with gate-tuned graphene was presented both theoretically
and experimentally [31]. In 2018, a hybrid active metamaterial
structure combined with metallic split-ring resonators and
graphene was reported, which was able to realize both large
intensity and phase tuning [32].

In this paper, an electrically tunable THz lens using a hybrid
structure of a metallic metasurface and a monolayer graphene is
described. The interaction of the THz wave with the structure
can be modulated by the graphene chemical potential, which is
tuned using an applied gate voltage, resulting in the phase of
the transmitted THz wave to be actively controlled. The focus
is shifted by 1.78 mm (∼4.45λ) when the gate voltage changes
from 0 to 2.0 V. Experimental results are in good agreement
with the theoretical hypothesis.

2. DESIGN AND FABRICATION

The schematic structure of the tunable THz meta-lens is de-
picted in Fig. 1(a). The lens is composed of a high-resistance

silicon substrate and a gold film etched with rectangular aper-
ture antennas. Each antenna has different length L and rotation
angle θ, as shown in the scanning electron microscope (SEM)
photograph (detected by SHIMADZU SSX-550) of a unit cell
of the apertures. The gold metasurface in the x − y plane is
covered by a graphene layer to achieve the active tuning of
transmitted THz. The monolayer graphene is grown by the
chemical vapor deposition (CVD) method [33,34] and charac-
terized using the Raman scattering spectrum (detected by
RENISHAW RM2000), plotted in Fig. 1(b). The G peak
�1581.93∕27.18 cm−1� and 2D peak (2677.14∕49.56 cm−1)
are clearly observed [35,36]. A gate voltage V g is applied using
two electrodes attached to the metal and graphene separately to
tune the graphene chemical potential EF . The incident THz
wave is left-handed circularly polarized (LCP), propagating
along the z axis.

In order to design a focus-tunable THz lens, the phase con-
trol of each metasurface unit must fulfill two conditions. First,
the phase distribution of the units needs to ensure that all wave-
lets are in phase at the focal point, i.e., the phase is determined
by [6]

ψ�x, y� � 2π

λ

�
f −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2 � x2 � y2

q �
, (1)

where f is the designed focal length, and λ is the incident wave-
length. Second, when the graphene chemical potential varies
consistently, the phase change needs to be different for different
apertures. For example, if the phase is increased by the gra-
phene chemical potential, and the corresponding phase change
is increased monotonically from the middle to the edge of the
lens, the focal length will decrease, otherwise it will increase.
Therefore, the Pancharatnam–Berry (PB) phase-based metasur-
face structure [37] is employed. When an LCP wave transmits
through a rectangular aperture with a rotation angle θ, an
abrupt phase change of −2θ will occur for the transmitted
right-handed circularly polarized (RCP) wave, and thus condi-
tion 1 is satisfied by the rotation of the apertures. Condition 2
can be addressed by introducing different lengths of the aper-
tures, because the resonance of THz waves from apertures of
different sizes has diverse responses in changing the graphene
chemical potential [21]. Figure 2 shows the simulated abrupt
phase and transmission of transmitted RCP THz wave through
one rectangular aperture, dependent on the aperture length,
under different graphene chemicals. The sweep simulations
are conducted using the finite-difference time-domain
(FDTD) method with a commercial software (Lumerical
FDTD Solutions). In the simulations, the incident THz fre-
quency is 0.75 THz, and the incident LCP THz wave is radi-
ated by two orthogonal linearly polarized plane waves with a
phase difference of ψ y − ψ x � π∕2. The detected RCP wave
is calculated by ERCP � �Ex � iEy�∕

ffiffiffi
2

p
, where Ex and Ey

are the electric field component in the x and y direction, re-
spectively. The aperture width is fixed as 20 μm. It is found
in Fig. 2(a) that when EF is increased, the abrupt phase is de-
creased, and the phase change increases with the aperture
length. For example, the phase reduction corresponding to
EF increased from 0.1 to 0.5 eV, is 0.04π when L �
50 μm. However, it increases to 0.33π when L � 110 μm.
The transmission is increased with L, due to the enlarged

Fig. 1. (a) Schematic of the active THz meta-lens. The lens consists
of a high-resistance silicon substrate, an Au metasurface of rectangular
aperture antennas with different lengths and rotations, and a mono-
layer graphene. The incident THz wave is left-handed circularly
polarized. The inset shows an SEM photograph of a unit cell of
the apertures. (b) Raman spectrum of the monolayer graphene on
the top of the Au metasurface.
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aperture when L is increased, which can be seen in Fig. 2(b). In
addition, the transmission is decreased with EF . The reason
could be that the conductivity of graphene is increased with
the chemical potential, enhancing the screening effect of
THz waves [37]. Furthermore, when the graphene effective
permittivity is changed by EF, the resonant frequency of the
aperture antenna would have a small shift, causing the trans-
mission to be lower [21].

Following a design method based on this principle [37], the
active THz lens in Fig. 1(a) is then designed. The radius of the
lens is 2.0 mm, with 540 cells. The period of the aperture array
is 150 μm in both the x and y directions. All the aperture
widths are 20 μm. The incident THz frequency is
0.75 THz. The focal length is designed to increase from 7.0
to 9.0 mm. The corresponding phase distribution of the
two focal lengths ψ1 and ψ2 on the x axis, calculated by
Eq. (1), are shown in Fig. 3(a). The phase difference Δψ �
ψ2 − ψ1 is depicted as the red dotted line, which gives the cor-
responding phase modulation depth of the units. It is found
thatΔψ varies from 0 to −0.29π. Therefore, the aperture length
in the range of [50,150] μm satisfies the phase difference re-
quirement in Fig. 3(a), when EF increases from 0.1 to
0.5 eV. Then all the aperture lengths are determined using
the results in Figs. 2(a) and 3(a). In our design, because the
transmission variation dependent on L is relatively small, we
only consider the phase modulation. The corresponding L
and θ of the 540 apertures of the designed lens are shown
in Figs. 3(b) and 3(c), respectively.

The development process of the sample is depicted in
Fig. 4(a). A high-resistance silicon substrate with size of
2.0 cm × 2.0 cm and thickness of 500 μm is prepared first.
Then a layer of S1813 photoresist is produced on the substrate
using a spin coating process with a speed of 2000 r/min. After
that, an ultraviolet (UV) lithography system (Karl Süss MA6) is
used to generate the metasurface pattern of photoresist under a
Cr plated quartz mask. In the third step, an electron beam
evaporation coating is used to add a 10 nm Cr layer and
100 mm Au layer onto the top of the sample, with a deposition
rate of 0.5 Å/s and vacuum pressure of 4.4 × 10−6 Torr. A lift-
off process is then performed to achieve an Au metasurface, and
the CVD-produced monolayer graphene is transferred onto the
top of the metasurface structure. In the end, two contact elec-
trodes Cr (5 nm)/Au (60 nm) are adhered to the Au and gra-
phene layers, separately, using evaporation coating. An SEM
photo of the fabricated sample is shown in Fig. 4(b). The gate
voltage V g is applied by a Keithley 4200 semiconductor char-
acterization system.

3. RESULTS AND DISCUSSION

The electrical tuning mechanism of the active meta-lens is char-
acterized using a THz focal plane imaging system, which is able
to achieve both intensity and phase information of a circularly
polarized THz wave by detecting two orthogonal linearly
polarized THz radiations [13]. Each image of the transmitted
RCP THz wave needs to be measured twice (vertical and hori-
zontal linearly polarized waves), which is time-consuming
and may cause an unstable applied gate voltage across a long
period of detection. Therefore, only the intensity and phase

Fig. 2. Dependence of transmitted RCP THz wave on the aperture
length and graphene chemical potential. The aperture width is fixed as
20 μm. (a) Phase change of RCP THz wave as a function of L, when
EF changes from 0.1 to 0.5 eV. (b) Transmission of RCP THz wave as
a function of L, when EF changes from 0.1 to 0.5 eV.

Fig. 3. Design of the meta-lens. The focal length is designed to in-
crease from 7.0 to 9.0 mm, when EF changes from 0.1 to 0.5 eV.
(a) The corresponding phase distributions (blue lines) of focal lengths
are 7.0 and 9.0 mm, respectively, and the phase difference (red line)
between them is shown. Phase distribution as a function of the aperture
length dependent on the graphene chemical potential. (b) Length and
(c) rotation angle distributions of the apertures of the proposed
tunable lens.
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distributions of an image plane at z � 2.0 mm for V g �
0.0 V and V g � 2.0 V are recorded. The corresponding mea-
sured transmitted RCP THz wave intensity and phase distribu-
tions are depicted as Figs. 5(a)–5(d). A bright spot is observed
on the image plane. It is also observed that both the intensity
and phase distributions change when the gate voltage increases,
indicating that it is able to modulate the wavefront of a THz
wave electrically. The far-field distribution of the THz wave is
then calculated using the Huygens–Fresnel principle [38]

ERCP�x,y,z��
z − z0
jλ

Z Z
ERCP�x0,y0,z0�exp�jk0r�∕r2dx0dy0,

(2)

in which

r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�x − x0�2 � �y − y0�2 � �z − z0�2

q
, (3)

where ERCP is the electric field component of the transmitted
RCP wave. x0, y0, and z0 � 2.0 mm are the coordinates of the
imaging plane. k0 is the wave vector in the vacuum. r is the
distance between the far-field observation point and a point

on the imaging plane. In Figs. 5(e) and 5(f ), the field distribu-
tions of the transmitted RCP THz wave on the x − z plane for
V g � 0.0 V and V g � 2.0 V are shown, respectively. It can be
seen that the focusing effect can be observed clearly in both
pictures, which demonstrates the lens function of the proposed
device. More importantly, the focal tuning is achieved by the
gate voltage. The focal length is 10.46 mm when no voltage is

Fig. 4. (a) Fabrication process of the electrically tunable THz meta-
lens. (b) SEM micrograph of the fabricated device.

Fig. 5. Experimental results of the tunable meta-lens. (a) and
(b) Measured transmitted RCP THz wave intensity (normalized)
and phase (rad) distributions of the imaging plane with a distance
of 2.0 mm behind the meta-lens when V g � 0.0 V, respectively.
(c) and (d) Measured intensity (normalized) and phase (rad) distribu-
tions of the imaging plane when V g � 2.0 V, respectively. (e) and
(f ) Calculated far-field intensity distribution of RCP THz wave based
on the measured intensity and phase of the imaging plane when V g �
0.0 V and V g � 2.0 V, respectively. The frequency of the incident
THz wave is 0.75 THz.
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applied, and changed to 12.24 mm when V g is 2.0 V. The
focus is changed by 1.78 mm (∼4.45λ). This tuning range
is very close to the designed value (2.0 mm), although the ex-
perimental focal lengths are larger than the designed ones (from
7.0 to 9.0 mm). For ease of comparison, the field intensity is
normalized to the maximum value in Fig. 5(e). It is found that
the transmitted field intensity is decreased slightly after the gate
voltage is applied. This could be due to the static voltage in-
creasing the conductivity of graphene, enhancing the screening
effect of THz waves [37]. By the method proposed in Ref. [21],
we estimate the modulation speed of the device to be
∼30 MHz.

In order to look into the tuning mechanism of the lens, we
then conduct FDTD simulation studies. The graphene chemi-
cal potentials corresponding to the applied gate voltages of 0 V
and 2.0 V, respectively, need to be determined first. The posi-
tion of the charge-neutral Dirac point of the graphene is found
by measuring the electrical resistance of the graphene on the
sample. The result is shown in Fig. 6(a). It is found that
the Dirac point corresponding to the maximum resistance ap-
peared when V D � −0.3 V. When a gate voltage is applied,
the carrier density of graphene n0 can be calculated as [39]

n0 � −
ε�V g − V D�

te
, (4)

where e is the elementary charge, and ε and t are the permit-
tivity and thickness of the dielectric between graphene and Au.
In this device, the coupling effect of the graphene and metallic
structure is significantly decreased with the distance between
the graphene and Au. Therefore, in order to enhance the modu-
lation of the graphene, the graphene layer is attached directly to

the metasurface. It is assumed there is a 1 nm thick air layer
between the graphene and Au. On the other hand, the relation-
ship between the carrier density and chemical potential can be
expressed as [40]

n0 �
1

π

�
EF

ℏvF

�
2

, (5)

where ℏ is the reduced Planck constant, and vF� 106 m∕s is
the Fermi velocity. Therefore, according to Eqs. (4) and (5), the
graphene chemical potentials corresponding to V g � 0.0 V
and V g � 2.0 V are estimated to be EF1 � 0.15 eV and
EF2 � 0.42 eV, respectively, which are close to the designed
chemical potentials. FDTD simulations of the device are then
performed under these two chemical potentials. The results are
shown in Figs. 6(b) and 6(c). It is found that the simulated focal
lengths are 11.95 mm and 13.76 mm for the two chemical
potentials, and the focal tuning range is 1.81 mm, which is
in good agreement with the experimental results. That the
experimental focuses deviate from the designed ones may be
caused by the fabrication errors in the aperture lengths.

4. CONCLUSIONS

In conclusion, an active THz meta-lens assisted by graphene
based on phase modulation is proposed. The lens consists of
a metallic metasurface structure based on a PB phase and a
monolayer graphene. Due to the coupling effect of the THz
wave and the hybrid graphene-metal structure, the phase of
transmitted THz wave is able to be tuned electrically using
an applied gate voltage. The meta-lens is fabricated and char-
acterized. Both simulation and experimental results demon-
strate that the focus is able to be shifted by ∼4.45λ. It is
anticipated that the proposed structure may open up an avenue
to achieve tunable THz devices using graphene.
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