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Abstract: Metasurfaces, the two-dimensional artificial metamaterials, have attracted intensive
attention due to their abnormal ability to manipulate the electromagnetic wave. Although there
have been considerable efforts to design and fabricate beam steering devices, continuously
tunable devices with a uniform bias-voltage have not been achieved. Finding new ways to realize
more convenient and simpler wavefront modulation of light still requires research efforts. In
this article, a series of novel reflective metasurfaces are proposed to continuously modulate
the wavefront of terahertz light by uniformly adjusting the bias-voltage. By introducing the
innovation of nonuniform periodic structures, we realize the gradient distribution of the reflected
light phase-changing-rate which is the velocity of phase changing with Fermi energy. Based on
strict phase distribution design scheme, a beam scanner and a variable-focus reflective metalens
are both demonstrated successfully. Furthermore, dynamic and continuous control of either the
beam azimuth of beam scanner or the focal length of metalens can be achieved by uniformly
tuning the Fermi energy of graphene. Our work provides a potentially efficient method for the
development and simplification of the adjustable wavefront controlling devices.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metasurfaces are a new kind of two-dimensional artificial materials consisting of properly
designed subwavelength structures. In the past decade, metasurfaces have attracted much
attention due to its unprecedented properties that are unavailable in nature [1-5]. By introducing
the abrupt changes of amplitude, polarization and phase of electromagnetic waves, metasurfaces
can modulate the wavefront of light deeply with less non-ignorable energy loss, which is almost
impossible to realize by conventional three-dimensional metamaterials [6-9]. Owing to the
ultrathin thickness and the design flexibility, metasurface-based optical elements provide great
potential in the miniaturization and integration of conventional bulky optical components. Based
on the modulation of optical properties of metasurfaces, a multitude of devices with extraordinary
properties have been proposed, such as gradient index diffraction grating, beam deflector,
surface plasmon couplers, wave plates and holograms [10-17]. In most instances, the optical
responses of these devices based on the metallic structures with subwavelength dimensions or
the Mie resonances in composite structures consisting of high-index dielectric medium [18-21].
Therefore, the functionalities of most devices demonstrated so far cannot be tuned dynamically
after being fabricated, which greatly limits the potential for a variety of applications that need
dynamical modulation over the wavefront of electromagnetic waves, such as beam scanner and
variable-focusing metalens.
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In recent years, the rapid development of viable devices with dynamical responses to the
characteristics of incident light has gradually attracted significant interest. Traditional tuning
methods are usually limited by small adjustable range or slow response because the tuning
mechanism is based on mechanical or thermal [22-25]. By integrating metasurfaces with
permittivity adjustable materials, a new method is obtained to actively control the wavefront
of electromagnetic waves [26]. Graphene, an acclaimed two-dimensional structure made of
mono layered honeycomb arrange of carbon atoms, has been demonstrated to be a potential
material for the design and fabrication of infrared and terahertz plasma devices and metasurfaces
[27-30]. Especially, the Fermi energy of graphene can be easily adjusted by electrical gating or
chemical doping, which is the greatest advantage as a promising material for designing tunable
optical devices [31-34]. A variety of graphene-based metasurfaces, with patterned graphene or
hybrid graphene-metal composites, have been wildly proved to realize tunable functions such
as polarization conversion, antenna emission, perfect absorption and optical transformation
[35-38]. Currently, dynamically tunable metasurfaces based on graphene nanostructures have
been demonstrated to manipulate wavefront of terahertz light, whose typical functions are beam
steering and active-focusing lensing [39-43]. However, in these designs, the realization of
continuously tunable beam azimuths or focal spots can only be based on the individual modulation
of Fermi energy of each graphene unit. Apparently, it is not practical to individually tune the
Fermi energy of each resonator in experimental process. The main implementation difficulty
is the complexity in device fabrication and integration, which is caused by the subwavelength
dimension of graphene structure [30].

In this paper, we propose a series of novel reflective metasurfaces composed of nonuniform
periodic rectangular graphene sheet arrays for wavefront modulation of linearly terahertz waves.
By introducing the nonuniform periodic structures, the gradient distribution of the reflected
light phase-changing-rate is achieved. As proof-of-concept demonstrations, a beam scanner
and a variable-focus reflective metalens using monolayer graphene sheet arrays are designed
and numerically verified. More importantly, either the beam azimuth of beam scanner or the
focal spot of metalens can be dynamically and continuously controlled by uniformly, rather than
separately, modulating the Fermi energy of graphene structures. For beam scanner, its beam
azimuth can change from 0° to 35.5° continuously by adjusting the Fermi energy of graphene,
when the frequency is fixed at 5 THz. For variable-focus reflective metalens, the range of focal
length adjustment from 380 to 660 wm can be achieved at 5 THz. Besides, the scanning function
of the scanner and the dynamic focusing function of the metalens are effective in the broadband
range. More importantly, the graphene Fermi energy can be easily modulated via adjusting the
gate voltage. This work could provide a potential way for the designing of desirable devices
that enable us to continuously adjust the wavefront of the terahertz beams and to promote more
applications in nanophotonic systems.

2. Structure design and research method

The diagram of the proposed metasurface based on nonuniform periodic rectangular graphene
array is shown in Fig. 1(a). To completely eliminate transmission, a gold substrate with optical
thickness is placed at the bottom as a perfect reflection layer. A patterned graphene monolayer
is transferred to the gold substrate, separated by a dielectric layer (e.g., MgF, and SiO,) with
permittivity of 1.90. The dielectric layer thickness (7},) is fixed at 11.6 pm (see Supplement 1,
Note S1 and Fig. S1). An ion-gel layer with a thickness of 0.1 pm is covered over the top of
graphene. The ion-gel layer with high capacitance acts as a transparent spacer-layer between the
graphene structures and top gold contact [44]. The permittivity of the ion-gel is 1.82 [35]. The
composite structure, which is composed of patterned array of rectangular graphene sheets and
dielectric/metal substrate, was adopt to manipulate the wavefront of the reflected linear polarized
terahertz light. The top view of a group of feature structures consisting of two sections (section I
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and section II) is shown in Fig. 1(b). The geometry parameters of graphene unit are shown in
Fig. 1(c). In contrast with previous works whose periodicity along x- and y- direction were fixed,
our design only fixes the periodicity along y-direction (P, =6 um). The value of the periodicity
along x-direction Py is variable. In addition, a new parameter k = 0.5 um is introduced into our
model, which represents the distance between two adjacent graphene sheets. This parameter
plays a quite important role in stabilizing the efficiency of the devices. As shown in Fig. 1(c), P,

is the sum of G, and k.

-~ —

I I

Fig. 1. (a) Schematic representation of the proposed metasurface, which consist of
nonuniform periodic rectangular graphene sheet arrays. The thicknesses of the dielectric
and ion-gel layer are 11.6 pm and 0.1 pm, respectively. (b) Top view of a group of feature
structures including two sections (section I and section II). (c) Sketch of the unit cell
containing the rectangular graphene sheet.

In the terahertz region, the surface conductivity of graphene that dominated by the intraband
transition can be derived by the semi-classical Drude model [45]:

) .
e’k
0'(60)=—f :
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where w represents the angular frequency, Ey the Fermi energy, T the electron-phonon relaxation
time, e and & are universal constants representing the electron charge and reduced Planck’s
constant, respectively. The electron-phonon relaxation time can be calculated by T = uEy/ ev?,

where the carrier mobility is equal to u = 10*cm?/Vs and the Fermi velocity is equal to
Ve = 10%m/s. The permittivity of graphene can be calculated from the following equation:

io(w)
(wgofg)

Eg = ()
Here, the &9 and 7, are the vacuum permittivity and the thickness of graphene, respectively. In
the calculations, we adopt the Finite Element Method (FEM) to calculate the electromagnetic
response of the graphene array. To reduce the calculation difficulty and save time, the finite film
thickness is replaced by the transition boundary condition, and the conductivity of graphene
is allocated to a single interface whose effective thickness is 7, = 0.5 nm. Based on the above
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analysis, the Fermi energy of the graphene rectangular sheets array can be easily modulated by
tuning the gate voltage [46]. In the context of the particular phase distribution designing that can
induce anomalous reflection on metasurfaces, the dynamic steering of the terahertz beam can be
achieved by tuning the dielectric property of graphene. For experimental characterization, the
proposed graphene metasurface can be fabricated by following procedures. At first, a monolayer
graphene grown on copper by chemical vapor deposition (CVD) method is transferred to the
MgF,; substrate with a gold reflective layer, utilizing the wet chemical transfer process [47-49].
Then, the graphene can be patterned by photolithography and reactive ion etching (RIE) with
oxygen plasma. Finally, the top gate electrodes can be fabricated using electron beam evaporation
through shadow masks [50,51].

3. Results and discussion

3.1. Tunable response of graphene sheet

Graphene sheets can strongly respond to terahertz electromagnetic waves due to plasmonic
excitation at proper Fermi energies [52]. In order to explore the tunable response of graphene
sheets, we take a unit cell building block as an example for analysis, as shown in Fig. 2(a).
The parameters of the element are chosen as G, =G, =5.0 um, k=0.5 um, P,=6 um, and
P, + Gy = k. In our calculation, the frequency of the light is set to be 5.0 THz. The linearly
polarized light is normally incident on the graphene sheets, and its polarization is parallel to
the x axis. In the above structural model, the metasurface layer and the metallic substrate are
acting as partial and full reflectors respectively, which can be considered as an asymmetrical
Fabry-Perot resonator.

The amplitude and phase of the reflected light can be continuously adjusted by varying the
graphene Fermi energy, as shown in Fig. 2(b). It can be observed that the reflected light phase is
fixed at 0° when the Fermi energy is set to 0 eV. The phase can smoothly vary from 0° to 200°
with the increase of Fermi energy. Meanwhile, the amplitude transfer coefficient of the reflected
light is always maintained at high level (> 0.8). Besides, the insets in Fig. 2(b) are the relative
magnitude of electric fields at three Fermi energies of 0.1 eV, 0.5 eV and 0.9 eV, respectively.
Obviously, it can be inferred from the difference of the intensity field that the optical response of
the metasurface can be effectively modulated by the graphene Fermi energy.

To realize the function of beam steering by uniformly adjusting the Fermi energy of graphene,
the gradient distribution of phase-changing-rate is necessary to be achieved. However, traditional
methods can not satisfy our demand (see Supplement 1, Note S2). In this case, we propose
the design scheme of nonuniform periodic structures. In our design, G, and G, are adjusted
independently. As shown in Fig. 1(b), the adjustment of geometric parameters is divided into
two sections: Section I, Py =5.5 um, P, =6.0 um, G, =5.0 um, and the size of graphene in y
direction (Gy) increases gradually (from O um to 5.0 um). Section II, P, = 6.0 um, G, = 5.0um,
the size of graphene in x direction (G,) decreases gradually (from 5.0 pm to O um), and the
following relationship is satisfied: P, + G, = k. Based on the above parameters, Figs. 2(c) and
2(d) show the phase and amplitude of the reflected light with varied device physical dimensions
as the function of the graphene Fermi energies. In order to keep the reflection intensity stable,
only the region below the dash line is selected as the alternative data set. For clarity, several
groups of data are picked out and exhibited in Figs. 2(e) and 2(f). As shown in Fig. 2(c), it
demonstrates that the phase-changing-rate is gradually increasing from the bottom to the top,
which means that the gradient distribution of phase-changing-rate is realized. Figure 2(e) shows
that the maximum phase coverage reaches 300° as the Fermi energy increases from 0 eV to 1.1
eV. It is obtained from Figs. 2(d) and 2(f) that the reflection amplitude is always above 0.6 in the
selected region. Based on these properties, we can straightforwardly select unit cells from the
data set for the designing of functional devices.
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Fig. 2. (a) Schematic of the unit cell containing the graphene sheet, Py =5.5 um, Py = 6.0
wm, Gy =Gy =5.0 um, and k=0.5 pum. (b) Phase and Amplitude of the reflected with
varied Fermi energies. The insets show the relative magnitude of electric field at three
Fermi energies of 0.1eV, 0.5¢eV and 0.9 eV, respectively. (c), (e) Relative phase and (d), (f)
amplitude of the reflection as functions of Fermi energy and the geometric parameters of
graphene sheet.

3.2. Continuously tunable beam scanner

As above mentioned, a series of interesting applications based on graphene metasurfaces have
been demonstrated to manipulate electromagnetic waves arbitrarily, such as beam steering device
and planar focal lens [53,54]. The first functional device designed in our work is a continuously
tunable beam scanner, as shown in Fig. 3(a). To steer the reflected light, we utilize the generalized
version of Snell’s law to calculate the linearly varied phase shift along the device surface [55]:

A dd
2nn; dx

3

sin @, — sin@; =
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where 6, is representing the reflection angle, 6, the incident angle, n; the refractive index of
the input media, A the vacuum wavelength of light, d® and dx respectively represent the phase
difference and geometric distance between adjacent units. In contrast with conventional specular
reflection, the relation between 6, and 6; is nonlinear. Based on the derivation of Eq. (3), the
abnormal reflection phenomenon will appear when a constant phase discontinuous gradient
(d®/dx) is introduced along the interface. When the terahertz beam is incident vertically on
the graphene metasurface (6; = 0°), the reflected light deviates from the interface normal with a

reflection angle: 6 = arcsin (E E)
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Fig. 3. (a) Schematic representation of the continuously tunable beam scanner, where 6,4
is the maximum deflection angle. (b) Reflective phase distribution of the super cell at the
selected Fermi energies: 0.0eV, 0.3eV, 0.5¢V, 0.8 eV. The inset is the schematic of the super
cell with the length of L =120 um. (c) Radiation patterns and (d) electric-field distribution
of the reflected waves.

Moreover, to realize the gradient distribution of the phase-changing-rate, we carefully calculated
the geometrical dimensions of the rectangular sheets by considering the above optical response
analysis above. In our simulation, we choose a group of cells as a super cell, whose length
is set as L. Firstly, the length of the super cell L is fixed at about 120 um, and the maximum
phase range is reached when its Fermi energy is around 0.8 eV. Secondly, the phase distribution
should satisfy the formula: d®(x)/dx = b, where b is a constant associated with Fermi energy.
Figure 3(b) exhibits that the super cell contains 25 units, and the lengths of G, and G, of the
graphene sheets are list detailedly in Supplement 1 (see Note S3 and Table S1). The size of the
element in x direction P, is the sum of G and the gap between graphene sheets k. As the Fermi


https://doi.org/10.6084/m9.figshare.12958223

Research Article Vol. 28, No. 20/28 September 2020/ Optics Express 29312 |

Optics EXPRESS

() (b)
360
6 :8(3) :x 0.0eV
b3 — 03eV
3 20[ _oyev _ 0 — 8§ 23
5 5 1.0
Z 180 <
E =
= 99 & 0.5
=
W S
of ¢ 3
[F——=--==sEaEEsEEEg | < o
0 30 60 90
x (pum)
© @ —
360 ——0.0eV 030V
—00sy — 03cV
0.5¢eV — b3 ev
3 2707 ——o8ev _ 0 0.8 eV
) 51,0
& =
=2 180 £
9,)) i3
£ =
= 90 T 03
S
et esattill 3
0 ; -
e 1 1 LR =0
0 20 40 60
X (um)

Fig. 4. Reflective phase distribution of the super cell at the selected Fermi energies, when
(a) L=90 pm and (¢) L=60 um. (b) and (d) are corresponding radiation patterns of the
reflected waves, respectively.

energy increase form 0.0 eV to 0.8 eV, the phase coverage range increase. Figure 3(b) shows the
phase distribution of the super cell corresponding to the Fermi energies of 0.0 eV, 0.3 eV, 0.5 eV
and 0.8 eV, respectively. The radiation patterns and corresponding electric-field distribution of
the reflected waves are exhibited in Figs. 3(c) and 2(d). It can be seen from these figures that
the effective beam scanning by uniformly adjusting the Fermi energy of graphene is achieved.
The reflection angle 6 increases continuously with the increase of Fermi energy. As the Fermi
energy is assumed to be 0.8 eV, the maximum deflection angle (6,,4,) reaches 22.2°, and the
corresponding phase coverage range is 290°. Obviously, the relative radiation intensity of the
beam is always above 0.75, when the deflection angle changes.

For further research, two improved beam scanners are proposed to optimize the scanning
performance. The lengths of the super cells are fixed at 90 um and 60 um. The parameters of
unit structural contained in the super cells are listed in Supplement 1 (see Tables S2 and S3).
Figure 4 shows the phase distribution and radiation patterns of the optimized scanners at different
Fermi energies. It is seen that the coverage range of the phase still reaches 290° at 0.8 eV, while
the maximum deflection angle increases with the decrease of L. Figures 4(b) and 4(d) illustrate
the scanning function is well maintained. The deflection angle of the scanning beam changes
continuously and the radiation intensity remains stable with the adjustment of Fermi energy.
The maximum deflection angles of the scanners are 26.4° (L =90 um) and 35.5° (L =60 pm).
From the above analysis, it can be inferred that the scanning range of the scanner is constantly
expanding with the decrease of L, while the directivity of the radiation beam is getting worse.
One possible reason is that the scattering effect affects the quality of the radiation beams.

In the above research, the working frequency of the beam scanner we designed was limited to
fo=5.0 THz. While, the scanning capability of the beam scanner is effective in a broadband
range. Here, we studied the broadband performance of these scanners (L =120 um, 90 um and
60 um). The deflection angle reaches maximum at the Fermi energy of 0.8 eV. Figure 5 illustrates
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the maximum deflection angle of scanners in the frequency range from 4.0 to 6.4 THz. As shown
in Figs. 5(a) and 5(b), the maximum deflection angle increases with the decrease of frequency,
which is consistent with calculation of Eq. (3). However, the situation in Fig. 5(c) is different,
where the maximum deflection angle decreases with the decrease of frequency. There are two
main reasons that cause this phenomenon. First, the phase modulation ability of the graphene
unit is weakened with the changing of frequency. Second, the ratio of wavelength and the length
of super cell decreases with the decrease of frequency, which leads to the enhancement of the
scattering effect. The scattering effect is directionless which causes serious disturbance to the
directivity of the radiation beam. Therefore, the balance between scanning range and directivity
should be considered in practice.
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Fig. 5. The maximum deflection angle (E = 0.8 €V) of scanners with lengths of (a) 120
um, (b) 90 um and (c) 60 um at different incident frequency.

3.3. \Variable-focus reflective metalens

The second metasurface we proposed and demonstrated is a uni-electrode-controlled variable-
focus reflective metalens, as shown in Fig. 6(a). To design such a metalens whose center is at the
origin of x-axis, the phase shift distribution ¢(x) should satisfy the following equation [30]:

o(x) = 27” (\/F2 T2 F) &)

where x and F are representing the position of graphene unit the designed focal length, respectively.
According to the phase response characteristic shown in Fig. 2, when the parameters of the cells
are fixed, the phase-changing-rate of the side structures is faster than that of the center. Therefore,
the phase curve and the focal length can be adjusted dynamically and continuously by varying
the graphene Fermi energy.

In our calculation, several parameters are predetermined: the designed focal length F = 600
wm, Fermi energy Er = 0.5 eV, and the frequency f = 5.0 THz. Figure 6(b) shows the theoretical
phase distribution of the metalens. In order to match the phase distribution derived by Eq. (4), the
geometrical parameters of graphene sheets can be selected from the data set presented in Fig. 2
(see Supplement 1, Table S4). The linearly polarized incident light (E,) vertically irradiates
on the graphene metasurface. It can be indicated from Fig. 6(c) that the focusing effect of the
reflected wave is quite obvious. The actual calculated focal length is F =530 wm, which is
consistent with the original design. As shown in Fig. 6(b), the simulation result of the phase
distribution is approximately consistent with the theoretical analysis. There exists reasonable
difference between the design and simulation results, for the reason that the finite size of device
introduces the scattering influence.

We validate the tunability of the variable-focus reflective metalens by simulating the focusing
effect at different Fermi energies (from 0.4 to 0.9 eV). As exhibited in Fig. 7(a), the phase
distribution of the metalens changes significantly with the varying of Fermi energy, which is
consistent with the expected inference. In Fig. 7(b), the focal length increases from 385 pum to
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Fig. 6. (a) Schematic representation of the variable-focus reflective metalens, where AF is
the adjustable range of the focal spot. (b) Theoretical and simulated phase distribution of the
metalens at the frequency of fo =5.0 THz, in which the designed focal length is ' = 600 um
and the Fermi energy is fixed at Er = 0.5 €V. (c) Intensity field distribution of the reflected
light on the x-z plane. The simulated focal length is 530 um.

666 um as Fermi energy decreases from 0.9 to 0.4 eV, with a focal shift of about 281 um. The
corresponding intensity field distribution is exhibited in Fig. 7(c), indicating that the focusing
effect is well maintained in the process of dynamic adjustment.

In addition, the focusing characteristics and adjustable performance of the designed device
are effective in broadband range. Figure 8 illustrates the broadband performance of focusing
modulation in a frequency range of from 3.6 to 5.6 THz. It is obvious that the adjustable range
of the focal length is maximized at the frequency of 5.0 THz. The frequency deviation from
the initial frequency will lead to the decrease of the modulation range. It can be indicated from
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Fig. 7. (a) Phase distribution of the metalens at frequency fy = 5.0 THz, when the Fermi
energy increases from 0.4 eV to 0.9 eV. Corresponding (b) intensity field distribution of the
reflected light along the z-axis and (c) focusing effect of the metalens.
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the Fig. 8 that the focal length decreases with the decrease of the incident frequency. To our
knowledge, the axial chromatic aberration can be adopted to explain the phenomenon above.
[56]. So far, the proposed variable-focus reflective metalens modulated by uniform bias-voltage
has been proved to be practical.

700 Er
+ 04eV
'€600' * 09eV ole e
=2 R
= ~ = E ; E
5 500} e EEE
) < e
- —~ %= |2
o |E |2
= 400 = |*|E
S o |E
2 3z |3
=~
300} I;E
B
200

34 38 42 46 50 54 58
Frequency (THz)

Fig. 8. Tuning range of the focal length at different frequencies, when the Fermi energy
increased from 0.4 eV to 0.9 eV.

4. Conclusion

In conclusion, we have demonstrated a series of metasurfaces based on nonuniform periodic
graphene structures, whose optical response can be continuously modulated by uniform bias-
voltage. The optical responses of nonuniform periodic graphene sheets was studied systematically.
By carefully tailoring the geometrical parameters of the rectangular sheets, the gradient distribution
of the reflected light phase-changing-rate was realized. A beam scanner and a variable-focus
reflective metalens were demonstrated with a working frequency of 5.0 THz, which is enabled
by uniformly adjusting the graphene Fermi energy. Moreover, with the excellent scalability of
metasurfaces, the scanning function of the scanner and the dynamic focusing function of the
metalens were preserved in a broadband frequency range. The graphene metasurfaces with
ultrathin thickness proposed in our work provided a potential way to miniaturize the optical
systems for terahertz communication, holographic imaging and other wavefront controlling
devices.
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