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Abstract Most of the traditional metasurfaces are passive
and work with a single function, which limits their appli-
cation in integrated devices. Phase change materials based
metasurfaces offer flexible functions. In this work, we pro-
posed a full-space tunable metasurface working at wave-
length of 8.5 pm based on vanadium dioxide (VO,). When
the VO, is metallic, the metasurface works as a half-wave
plate in reflective mode and the polarization conversion effi-
ciency through the metasurface could be greater than 90%
over a broadband range of 1.32 um. When the VO, is insu-
lated, the metasurface works as a focusing lens in transmis-
sion mode with focusing efficiency up to 65% and full-width
half-maximum (FWHM) of 0.67 A. This result may provide
a new route for the development of multifunctional devices.
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Introduction

Metasurface can be regarded as a two-dimensional counter-
part of metamaterial with subwavelength thickness [1-4].
Compared with three-dimensional metamaterials, metasur-
faces have unique advantages in manufacturing and integra-
tion [5-8]. Metasurfaces can achieve flexible and effective
modulation of electromagnetic wave, such as amplitude,
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phase, and polarization [9—-13]. In recent years, new opti-
cal phenomena and devices based on metasurfaces have
been realized, such as anomalous refraction and reflection
[14-17], focusing lenses [18, 19], perfect absorbers [20, 21]
and holography [22-24]. However, most previous designs
are passive, which means that the metasurface has a fixed
function. From a practical point of view, it would be benefi-
cial if metasurface based devices could have multiple func-
tions [25-28].

Multifunctional metasurfaces are usually achieved by
integrating metasurfaces with different functions into a
same layer or by stacking them in different layers [29]. A
number of metasurfaces for full-space electromagnetic wave
manipulation via cascaded structure of multilayer media
have been reported [30-34]. Another effective approach is
to build metasurfaces with tunable materials such as gra-
phene, indium tin oxide (ITO) and phase change materi-
als, obtaining new degrees of freedom for electromagnetic
field manipulation [35-37]. Vanadium dioxide (VO,) is a
typical reversible phase change material, which is insulated
at room temperature and turns into metallic state when the
temperature reaches ~ 341 K [38]. Recently, more and more
researchers have tried to achieve tunable metasurfaces with
VO, [39-43]. In 2018, Ding et al. studied the VO, metas-
urface and demonstrated that it could be switched between
an absorber and a half-wave plate at the terahertz frequency
as the VO, undergoes phase transition [44]. In 2019, Chen
et al. proposed a spin-dependent switchable metasurface
working at A=4.55 pm that achieves focusing and absorb-
ing functions by introducing a very thin VO, film [45]. In
2021, Kang et al. achieved tunable wavefront and polariza-
tion manipulation of terahertz wave by using metasurface
based on VO, dipole antennas [46]. Nevertheless, full-space
tunable metasurface working in the mid-infrared region still
remains an interesting task.
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In this work, we design a full-space metasurface work-
ing at wavelength of 8.5 pm based on the metal-insulator
transition properties of VO,. The designed metasurface
allows control both the transmitted and reflected fields.
As a proof of concept, we numerically simulated the
metasurface that works as a focusing lens and half-wave
plate with insulated and metallic VO,, respectively. The
focusing efficiency and polarization conversion effi-
ciency are investigated. We also study the broadband
performance of the half-wave plate. In addition, we
investigate performance of the metasurface when VO,
is at the intermediated state, demonstrating the metas-
urface could work in both transmission and reflection
sides simultaneously, i.e., full-space metasurface. Our
work provides new ideas for the realization of full-space
multifunctional devices, which will have a wide range of
applications in electromagnetically integrated systems.

Results and discussion

Our schematic diagram of the designed metasurface
structure is shown in Fig. 1, cascading two functional
metasurfaces. Figure la shows the function of the
designed metasurface, focusing in transmission mode
and polarization conversion in reflection mode. In
reflection mode, the designed structure could be treated
as a metal-insulator-metal configuration, as shown
in Fig. 1b. The top layer is VO, antennas with tilted
angle of 45°, the middle layer is CaF,, and the bottom

Fig.1 Three-dimensional sche-
matic of the metasurface struc-
ture. a Schematic diagram of a
full-space tunable multifunc-
tional metasurface, a unit cell

at the b front side and ¢ back
side. When VO, is in metallic
state, the metasurface works in
reflective mode. When VO, is in
insulator phase, the metasurface
works in transmissive mode

(a)
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layer is a VO, thin film layer. In transmission mode,
the VO, is insulator and the designed structure could
be treated as in Fig. lc, i.e., the unit element consists
of silicon columns located on CaF, substrate. The unit
period is p=2.5 pm. The height, length, and width of
VO, antenna is £, =0.4 pm, L=2.4 pm, and W=0.9 pm,
respectively. The thickness of VO, film sandwiched by
CaF, is t,=0.4 pm, the thicknesses of the two CaF,
layers are t; =1 pm and #;=0.7 pm. The height of the
silicon column is 7 =6.5 pm, and the radius r varies
according to the requirement of phase modulation of
transmission. When VO, is heated, it transitions from
insulated to metallic states, resulting in the metasurface
switching from transmission to reflection modes, and
vice versa.

A home-made program based on the finite element
method is used to perform numerical simulations. A
plane wave with x-polarization and wavelength of
8.5 pm is perpendicularly incident to the metasurface
along the z-direction. Periodic boundary conditions are
used in the x- and y-directions, and perfectly matched
layers are used in the z-direction. For simplicity, the
optical responses of Si and CaF, are described by loss-
free refractive indices of n=3.42 and n=1.4, respec-
tively. At mid-infrared range, the dielectric constant for
VO, is calculated using the simple Looyenga rule [47]:

e = (1 =g} +fe,
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(b)
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insulator
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where €. is the complex permittivity of VO,, fis the
temperature dependent volume fraction of the metal-
lic VO,, ¢; and €, are the complex dielectric con-
stants of the insulated and metallic VO,, respectively.
g, =(2.45+100.07)? and &, = (6.55 +19.8)? at wave-
length of 8.5 pm [47]. s is related to the shape of the
metal inclusions and values between -1 and 1, herein
we set s =0.3 [48]. In addition, the volume fraction f
as a function of temperature T can be described by the
Boltzmann function [49, 50]:

1
1+ expl (T — Ty)/AT] )

max

J) =f

where f,,,« 1s the maximum volume fraction of VO, in
metal phase at the highest temperature, T, is the phase
change temperature, for heating and cooling process,
T,=68 °C and T,=64 °C, respectively, AT is the tran-
sition width. According to the experimental results in
[50], AT=2 °C and f,,,=0.95. In simple words, the
metal volume fraction of VO, can be controlled by tun-
ing temperature, resulting in tunable optical responses.

The mechanism for the different functions in the
insulating and metallic states is mainly the different
principles of implementation. In the metallic state, the
metal-insulator-metal (MIM) structure of the metasur-
face is approximated as a Fabry—Perot resonator, which
usually comprises two parallel plates [51]. Figure 2a is

Fig. 2 a The electric field
distribution in reflection mode.
b Schematic of multiple reflec-
tions in the Fabry—Perot-like
metasurface polarization con-
verter in reflection. ¢ Electric
field distribution in transmission
mode. d Schematic diagram of
transmission

the structure electric field diagram in the metal state.
It can be clearly seen that the electric field is mainly
concentrated in the MIM structure, which is consist-
ent with the designed reflective function. As shown in
Fig. 2b, the efficient broadband polarization transition
of our designed metasurface can be further explained by
the theory of multiple interferences. In the MIM cavity,
multiple reflections of cross-polarization interfere con-
structively, while multiple reflections of co-polarization
interfere destructively, increasing the performance of
cross-polarization [52]. When the metasurface is at
room temperature, VO, is an insulating state, and it is
a dielectric metasurface. In the transmission mode, the
silicon column can be regarded as a cavity supporting
waveguide-like cavity resonances, which can achieve
27 phase coverage by changing the effective refractive
index of the silicon column (i.e., the radius of the col-
umn), while maintaining high transmittance. The imple-
mentation of 2 7 phase makes it possible to design many
functions. Figure 2c is the electric field diagram in the
silicon column. It is noteworthy that we chose a rela-
tively high height of nanoblocks #=6.5 pm. Therefore,
multiple resonances can be excited inside the silicon
nanoblocks to obtain a larger phase compensation. Fig-
ure 2d is the schematic diagram of transmission, in which
the VO, is insulator and the incident light is transmitted. The
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Fig. 3 a Co-polarization and b cross-polarization reflectivity as func-
tions of the length (L) and width (W) of the VO, antenna at working
wavelength of 8.5 pm. ¢ The amplitudes of reflection along u and v

silicon nanoblocks at the bottom provides the abrupt phase
to modulate the wavefront of the incident light.

When VO, is heated to its metallic state, the meta-
surface works in reflection mode, and the metasur-
face structure is approximately an MIM structure. The
unit structure is shown in Fig. 3c. Firstly, simulations
of structural cells were carried out to investigate the
metasurface reflection when x-polarization light at an
operating wavelength of 8.5 pm is incident vertically.
Figure 3a, b shows the dependence of the co-polariza-
tion and cross-polarization, respectively, on the values
of length (L) and width (W) of the VO, antenna. It can
be seen that when the period (P) of the cell structure
is constant, the higher the values of L and W, the more
x-polarization will be converted into y-polarization.
Herein we set L=2.4 pm and W=0.9 pm to avoid struc-
tural intersection and coupling between neighboring
elements. Figure 3¢ plots the amplitudes of reflection
along u and v directions (see the inset) as functions of
incident wavelength, which is x-polarized and verti-
cally incident along z-direction. Due to obliquely ori-
ented VO, antenna with angle of 45°, the incident wave
and the excited electric field could be decomposed into
the u and v components. Figure 3 d shows the varia-
tion in reflection phase as the wavelength is varied from
8.0 pm to 10.0 pm with fixed L and W. It can be seen

@ Springer

directions when x-polarized light is incident. d The reflected phase
and relative phase difference of x-polarization light along the u and
Vv axes

that the reflection amplitudes are approximately equal
and greater than 60% in the operating wavelength range,
and the difference in phase between the reflected fields
along u and v axis is close to z. It means that polariza-
tion direction of the reflected wave will rotate an angle
of 7 /2, and cross-polarized wave is generated in the
working wavelength range.

Jones matrix may help us to understand the above
polarization conversion. Assuming a metasurface lying
in the x—y plane, we can first define it as having a Jones
matrix of general form:

()

where J,, and J,, represent the transmission coefficient
with x- and y-polarization, respectively, under x-polar-
ized incidence, and Jyy and Jyx represent the transmis-
sion coefficient with y- and x-polarization, respectively,
under y-polarized incidence. There is basically no cou-
pling between x and y polarizations, i.e., J,,=J,,=0.
When a polarized light is incident, for the metasurface
structure with a titled angle 6 between the optical axis
and the x axis, as shown in Fig. 3(c), its transmission
matrix in the Cartesian coordinate system is:

Jxx ny

3
Tyx Iy
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JF = R(—a)( Ta Lo )R(a)
Jyx J,Vy (4)

~ < T c0s* 0 +J, sin® 0 — 2(J, +J,)sin 20 J,, cos? 0 — J,, sin> 0 + 2(J, — J,,) sin 20 )

Ty €082 0 = J sin® 0 + (], — J,,)sin20 J,, cos? 0+ J,, sin> 0 + 3(J,, +J,,) sin 20

The rotation angle of the antenna is € =45°, the phase
delay between the long and short axes of the antenna
is 7. As the amplitude is almost same in each direc-
tion,J,, = —J,,, then we have the output light E,,, = [0 1 ]T
T cos2 6 + Iy sin? 9] and it is y-polarized. At this time, the cross-polarization

where R(6) = [cos 8, sin 8; — sin 8, cos 0] is the standard sec-

ond-order rotation matrix. When incident light is x-polarized
T . L

E;, = [1 0], its outgoing light can be expressed as:

) conversion is completed, and the linear polarization con-
version efficiency reaches the maximum.

According to the above analysis, we can design and

achieve the function of half-wave plate in reflection

mode. When the metasurface structure is heated using a

E =JE =
out " l(Jyy—Jxx)sinG cos @

1.0 . T r femtosecond laser, VO, will be in the metallic state. As
0.9/_\_ can be seen from Fig. 1a, since the continuous VO, film

B i becomes metallic and the metasurface structure can be

08 simplified as Fig. 1b. Here the incident light is x-polar-

. 07— —rm i ized, thus the co-polarization reflectivity is defined as
= 0.6 1 Ir. |* =IE, /E;]*, and the cross-polarization reflectivity is
g 0.5+ i defined as Ir,|? =|Eyr/Ei|2, where E,; and E,, are the reflec-
S o4k —— PCR | tion of x-polarization and y-polarization, respectively.
e RO To investigate, the polarization conversion ratio (PCR) is

o3 Reo defined as PCR=R_/(R_,+R,), where R . and R , are the
0.2f 1 reflection of cross- and co-polarization, respectively, equal
01F el to Ir,,|> and Ir, 1%, respectively. Figure 4 shows the value of

L ot L PCR in the wavelength range of 8.0 pm—10 pm. As can

8.0 8.5 Wavzigngth(um) 10.0 be seen, the cross-polarization conversion rate is above

68% in the range from 8.4 pum to 9.72 pm, while the co-

Fig. 4 When the designed structure works in reflection mode, the polarization conversion rate is below 10%. The PCR can

reflectance of co-polarization and cross-polarization light, and the ~ be obtained above 90%, indicating the great performance
PCR
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Fig. 5 a Transmission phase and transmittance for silicon cylindrical radius from r=0.1 pm to r=1.2 pm. b The radius(r) distribution for focus-
ing x-polarization at a focal length of 38 pm with an operating wavelength of 8.5 pm
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Fig. 6 When the designed structure works in transmission mode, the
metasurface is designed to operate at 8.5 pm with a focal length of
F=38 pm. Simulation of the electric field intensity distribution of a
meta-len focused in the x—z plane. The red lines in the figures demon-
strate the concrete profiles of the FMWHs and focal length along the
x- and z-directions

of polarization conversion. Due to the specific symmetry
and working principles, the designed structure may work
well for circularly polarized light by optimizing the geom-
etry parameters.

To demonstrate that our designed metasurface can also
work in transmission mode, a focusing lens is designed. The
phase and amplitude of the transmitted light are shown in
Fig. 5a as functions of the radius r of the silicon column. It
can be seen that the phase of the transmitted light can reach
a phase coverage of 0-2 7 when the silicon column radius
is varied from 0.1 pm to 1.2 um, and the transmittance is
above 75%, ensuring that the metasurface could artificially
engineer the wavefront of transmitted light.

The phase distribution of the focusing metasurface along
x axis can be calculated by:
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Fig.7 When VO, is in the intermediate state (f=0.5), the metasur-
face operates simultaneously as a half-wave plate and a focusing lens.
a The reflectivity of co-polarization and cross-polarization, and the
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Qx)=-2x/A- <\/(x—x0)2+F2—F> (6)

where 1 is the incident wave length, (x,, F) are the coor-
dinates of any focal point of our design, and F is the focal
length of the design. When the designed phase profile satis-
fies Eq. 6, the incident plane wave will converge to a spheri-
cal wave and achieve the focusing function. Based on the
desired phase profile and the results in Fig. 5a, we can easily
determine the radius of the silicon column at each position.
Figure 5b shows the value of required radius r distribution
for the designed focusing metasurface, which operates at
wavelength of 8.5 pm and the focal length is F'=38 pm.

Figure 6 shows the simulated focused electric field distri-
bution of the focusing metasurface in the x—z plane at wave-
length of 8.5 pm. The symmetry of silicon cylinders allows
polarization insensitive properties, therefore x-polarized
incident light is used to verify the focusing performance. It
is clear that a strong focus exists at a distance of approxi-
mately 38 pm from the structure, which is consistent with
the designed value. The focusing efficiency of the metasur-
face is defined as the ratio of the focus energy to the incident
energy and calculated as 65%.

In order to further investigate the focusing performance,
we investigated more quantities characterizing the focus-
ing effect of lenses. The first quantity is the numerical
aperture (NA), calculated by NA = sin[tan~!(D/2F)],
where D represents the total width of the metasurface and
F is the focal length. Generally, the larger the numeri-
cal aperture, the better the focusing effect of a lens. The
value of NA of the designed metasurface is calculated to
be 0.834, demonstrating the good ability of focusing. The
red lines in the figures along z-direction shows that the
focal length of the simulated metasurface is 37.5 pm. The

(b) |E|max
(=]
=
S
v
0 |E|min

X(pm)

PCR. b The electric field intensity distribution of the focusing meta-
len in the x—z plane



J Opt

deviation of the simulated result from the designed value
could be attributed to structural size constraints and phase
deviation. The second quantity is the full width at half
maximum (FWHM). Generally, the smaller the FWHM,
the more energy at the focal point and the better the focus-
ing effect. The red lines in the figures along x-direction
shows that the FWHM of the designed metasurface is
5.76 pm (0.67 A). These results demonstrate the excellent
focusing performance of the designed metasurface.

It has been demonstrated that two distinct functions of
transmission and reflection could be well achieved when
VO, is insulated (f=0) and metallic (f=1), respectively.
Owing to the continuously tunable characteristic of VO,, it
is necessary to investigate the performance of the designed
metasurface in the intermediate state of VO,. To this end,
we simulated the metasurface when the crystalline fraction
of VO, is f=0.5, as shown in Fig. 7. In this case, the metas-
urface can simultaneously obtain polarization conversion in
reflection and focusing meta-lens in transmission. Figure 7a
shows that the value of PCR is reduced compared to that
when VO, is in metallic state (Fig. 4). It is due to that partial
part of lights reflected back. Figure 7b shows the focusing
effect of reflection. Compared to the insulated state (Fig. 6),
the FWHM and focal length are almost unchanged, and the
focusing intensity becomes weaker. It is because the focus-
ing phase is provided by the silicon column. These results
indicate that the ratio of transmission and reflection could
be well manipulated by controlling the crystalline fraction
of VO,.

Conclusion

In conclusion, we have designed a full-space metasurface
that can operate independently in both transmission and
reflective modes, which improves space utilization. By con-
trolling the temperature of VO, the designed metasurface,
reversible switching between transmission mode and reflec-
tion mode have been realized. In the transmission mode, by
controlling the radius of the silicon cylinder, a high transmit-
tance with phase coverage from O to 2 z can be achieved,
making it possible to artificially engineer the wavefront of
transmission. We have designed a focusing metasurface at
wavelength of 8.5 pm with a focusing efficiency of 65%.
In the reflection mode, by placing the VO, antenna in the
metallic state at a 45° angle to the x axis, the long and short
axes create a relative phase difference of z, enabling the half-
wave plate function. The polarization conversion is above
90% over a broadband wavelength from 8.4 pm to 9.72 pm.
The simulation results have demonstrated that the designed
metasurface has good focusing performance and polarization

conversion capability in the mid-infrared band. The design
of tunable metasurface with phase change materials provides
an extra degree of freedom in the phase and wavefront con-
trol of the metasurface, which has a promising application in
the design of integrated multifunctional devices.
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