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applications.[1,2] An ideal polarization con-
verter can transfer an electromagnetic 
wave with an undefined polarization state 
into a well-defined one, including linear 
and circular polarization states. Traditional 
approaches for polarization conversion 
impose different degrees of phase retar-
dation onto two orthogonal linear polari-
zation components via bulky wave plates 
made of birefringent crystals or polymers. 
The Faraday and Kerr effects are poten-
tial methods for polarization rotation and 
modulation.[3] However, because of the 
dispersive behavior of natural materials, 
complicated structural designs or multi-
layered films are required to overcome 
the narrow working bandwidth, making 
the devices large and inappropriate for 
integration into optical and optoelectronic 
devices.

Metasurfaces are ultrathin artificially 
designed optical scatterers, which intro-
duce abrupt changes to the electromag-
netic amplitude and phase of the scat-
tered light within a subwavelength spatial 
region.[4,5] Their design flexibility enables 
manipulation of the different constitutive 

properties of light and has accelerated the development of flat 
optics and low-profile optoelectronic components such as hyper-
spectral imaging,[6,7] multifunctional focusing metalens,[8–10] 
and beam shapers.[11,12] Thus, metasurface optics holds promise 
for versatile polarization control in a compact form factor by 
introducing chirality,[13] birefringence,[14] or electromagnetic 
amplitudes and phase shifts between orthogonal electric field 
components.[15–17] To date, many metasurface-based polariza-
tion converters have been demonstrated in a wide range of 
frequencies,[18–20] and application areas including polarization 
imaging,[21,22] entangled photon generation,[23] Stokes param-
eters detection,[24,25] and holographic displays.[26,27] However, 
metasurface-based polarization conversion has typically been 
limited to transformation of a well-defined input polarization 
state into a single output polarization state. A universal polari-
zation converter, which is capable of realizing multiple polari-
zation states when illuminated by a light with a given polariza-
tion state, is highly desirable but has not been realized. Such 
a universal polarization converter should be able to realize 
various polarization states (mostly linear, circular, and elliptical 
polarization) in a single compact device. Universal polariza-
tion conversion can be achieved by introducing a concept of an 

Control of optical polarization is central to harnessing the properties of 
electromagnetic radiation for many applications, including 3D imaging and 
quantum computation. However, conventional optical polarizing components 
are typically bulky and static, that is, fixed in their degree of polarization con-
trol. Active metasurfaces have potential for versatile polarization control in a 
compact form factor by temporally modulating electromagnetic amplitudes 
and phase between orthogonal electric field components. Here, dynamic 
control of the polarization state of reflected light from an active metasurface 
is demonstrated. The metasurface uses indium tin oxide (ITO) as an active 
element in an array of aluminum nanoantennas operating in the telecom 
range. Applying an electrical bias between the ITO layer and the back reflector 
modulates the carrier concentration in ITO at the gate-dielectric/ITO inter-
face, resulting in complex refractive index modulation in the epsilon-near-zero 
condition. This index modulation alters the degree of excitation of plasmonic 
modes corresponding to the orthogonal polarization components, leading to 
polarization modulation. By suitably biasing the metasurface, linearly polar-
ized incident light can be converted to cross-polarized, circularly polarized or 
elliptically polarized light upon reflection. Dynamic control of the reflected 
polarization state has potentially wide applications in dynamic wave plates, 
spatial light modulators, and adaptive wavefront control.
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1. Introduction

Light polarization is defined by the orientation of the oscil-
lating electric field for an electromagnetic wave, and plays a 
vital role in information delivery, imaging, and quantum optics 
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active metasurface-based polarization converter. Prior research 
has demonstrated a number of active metasurfaces with diverse 
optical functions[28–34] (including polarization control) by incor-
porating an active medium into passive metasurface structures. 
For example, phase-changed materials, monolayer graphene, 
liquid crystals, nonlinear materials, etc.[35,36] are commonly 
used for active spatiotemporal metasurfaces. Prior research 
has shown that embedding varactor diodes into the metasur-
face enables the universal polarization synthesis at gigahertz 
(GHz) frequencies. Importantly, the real-time polarization syn-
thesis can be realized in a programmable fashion.[37] Neverthe-
less, due to limitations of the active media, previous works have 
mainly focused on the dynamic polarization control at lower 
frequencies, such as mid-infrared (MIR) wavelengths,[38,39] 
terahertz (THz),[40,41] and GHz[42] frequencies. Low-profile uni-
versal polarization converter operating at optical frequencies is 
especially relevant in advanced nanophotonics and quantum 
applications where the implementation of comprehensive 
polarization control is of prime importance.[23,43] Recently, 
Ren et. al. have experimentally demonstrated a reconfigurable 
metasurface-based polarization converter operating at a wave-
length of 820 nm.[44] The demonstrated polarization converter 
is comprised of a layer of Au inverse structure and an ethyl-red 
switching polymer layer for light polarization control. Active 
modulation of the polarization of the transmitted light has been 
achieved upon introduction of a pump beam; however, only 
linear-to-elliptical polarization conversion and linear polariza-
tion rotation have been obtained. Phase-changed materials like 
GST have also been incorporated with passive nanostructures 
for tunable polarization modulation.[45,46] Although promising, 
the tunability relies on the heating process yielding a relatively 
low tuning speed in such hybrid GST-metal metasurfaces. 
Very recently, a tunable all-dielectric metasurface for dynamic 
polarization tuning at a wavelength of 1535.4  nm was intro-
duced,[47] and uses doped Si structures based on quasi-bound 
states in the continuum.[47] The active tunability of phase dif-
ference between two orthogonal electric field components was 
attained due to the electro-refractive response of doped silicon 
under an applied bias voltage. Nevertheless, such a tunable Si 
metasurface can only access circular and elliptical polarization 
states when the incident light is linearly polarized so that the 
electric field is at an angle of 45° with respect to the symmetry 
axis of the unit cell. In summary, an active metasurface suitable 
for arbitrary polarization transformation at near-infrared (NIR) 
wavelengths has not yet been realized.

Here, we demonstrate an active metasurface-based polariza-
tion converter, which can achieve three common polarization 
states, namely, right-hand circularly polarized (RCP), right-
hand elliptically polarized and linearly cross-polarized states, 
when illuminated with a linearly polarized light beam. Our 
active metasurface-based polarization converter operates at tel-
ecom wavelengths. To achieve the polarization state of interest, 
we use an indium tin oxide (ITO)-based tunable metasurface, 
which can actively control the amplitudes and relative phases 
of two orthogonally polarized reflected waves. When biasing 
the ITO layer with respect to a gate metal, the carrier concen-
tration in ITO at the gate-dielectric/ITO interface is modu-
lated, resulting in a change of the refractive index of around 
1  nm-thick active ITO layer. When, due to applied electrical 

bias, the active ITO layer enters the epsilon-near-zero (ENZ) 
regime, the interaction between the induced plasmonic modes 
is altered, leading to the modulation of the polarization state 
of the reflected light. By suitably biasing the metasurface-based 
polarization converter, the linearly polarized incident light can 
be converted to linearly cross-polarized, circularly polarized or 
elliptically polarized light.

2. Results and Discussion

Figure 1 shows the schematic for our proposed dynamic metas-
urface polarization converter, which consists of a 150 nm-thick 
Al back reflector, a 20  nm-thick Al2O3/HfO2 nanolaminate 
(HAOL) gate dielectric, followed by a 5 nm-thick ITO layer, and 
an array of Al nanoantennas as the topmost layer. We use the 
HAOL gate dielectric because of its low leakage current, high 
breakdown field, and large DC permittivity characteristics.[30,48] 
To realize polarization modulation, the metasurface needs to 
support two plasmonic modes, which are coupled to each other. 
In our case, this is achieved via introducing a reflectarray meta-
surface building block with an anisotropic Al patch nanoan-
tenna. Figure 2a schematically illustrates the metasurface unit 
element. The detailed physical dimensions of the nanoantennas 
can be found in the caption of Figure 2a. Figure 2b shows the 
simulation results of the optimized Al nanoantenna, where two 
plasmonic modes excited by the incoming plane wave polarized 
along long or short axis on the patch nanoantenna are observed 
at a wavelength around 1550 nm. All numerical simulations in 
this work were carried out using finite difference time domain 
method (Lumerical FDTD). The dielectric permittivity of ITO is 
described by the Drude model ε ε ω ω ω= − + Γ∞ /( )2 2 iITO p , where 
the plasma frequency is given as ω ε= ∗/2 2

0Ne mp . Here, ε∞ is 
the high frequency permittivity, Γ is the damping constant, N is 
the carrier density, ε0 is the dielectric permittivity of vacuum, e  
is the electron charge, and m* is the electron effective mass. These 
constants are defined as ε∞= 4.2345, Γ = 1.7588 × 1014 (rad s−1),  
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Figure 1. Schematic of the active polarization converter operating in 
reflection mode. By suitably biasing the metasurface structure, the line-
arly-polarized incident light can be converted to a cross-polarized, ellipti-
cally polarized or circularly polarized light.
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N  = 2.8 × 1020 (cm−3), m* = 0.2525me, respectively.[49] When 
designing the Al nanoantennas, we used the perfectly matched 
layer (PML) boundary condition in the z direction and the 
periodic boundary conditions in both x and y directions. The 
calculations of the reflectance and phase shift of the Al nano-
antennas were performed in an array configuration. To numeri-
cally calculate the optical response of the tunable metasurface 
under different electrical biases, we first calculate the spatial 
distribution of charge density in the ITO layer for different 
applied bias voltages by using a commercially available software 
(Lumerical Device), which self-consistently solves Poisson’s 
and the drift-diffusion equations. Once we have calculated the 
spatial distribution of the carrier density for different applied 
bias voltages, we use the Drude model to obtain the spatial dis-
tribution of the complex dielectric permittivity of ITO, which 
we incorporate in our full wave optical simulations (Lumerical 
FDTD). In our electrostatic simulations, the work function of 
Al and the electron mobility of ITO are taken to be 4.28 eV and 
25 cm2 V−1 s−1, respectively. The bandgap of ITO and the elec-
tron affinity of ITO are set to 2.8 and 4.8 eV, respectively, while 
the DC permittivity of ITO is taken as 9.3.

In our polarization converter design, we assume that the 
incident beam is linearly polarized with an electric field Ein 
along the y direction (with 1  V m−1 amplitude) such that Ein 
forms a 45° angle with the symmetry axes of the nanoantennas 
(see Figure  2c). This enables simultaneous excitation of two 
gap plasmon modes supported by the metasurface (shown in 
Figure 2b). For the first excited mode, the electric field compo-
nent along the long side of the nanoantenna is enhanced, while 
the electric field component along the short side of the nanoan-
tenna is minimized (blue curve and bottom right field profile 
in Figure 2b). On the other hand, for the second excited mode, 

the electric field component along the short side of the nanoan-
tenna is enhanced, while the electric field component along the 
long side of the nanoantenna is minimized (magenta curve and 
top right field profile in Figure  2b). The x- and y-polarization 
components of the reflected light beam could be modulated by 
controlling the interaction between those induced plasmonic 
modes (see Figure 2c).

Before evaluating the performance of the proposed dynamic 
polarization converter, we calculate the reflectance and phase of 
both x- and y-polarized reflected light under different applied 
biases. Our calculations performed with Lumerical Device soft-
ware accurately account for the bias-dependent spatial carrier 
distribution within the ITO layer and the associated spatial vari-
ation of the dielectric permittivity. Again, we assume that the 
incident light is y polarized. Figure 3a shows the reflectance of 
the light beam as a function of wavelength and applied voltage. 
The top panel of Figure  3a corresponds to the co-polarization 
reflectance spectrum, while the bottom panel of Figure 3a rep-
resents the cross-polarization spectrum under four different 
applied biases. As seen in Figure 3a, both the x- and y-compo-
nents of reflected electric field intensity are modulated when 
electrical bias is present, revealing the ability of amplitude 
modulation by the proposed tunable metasurface (more results 
can be found in Figure S1, Supporting Information). Because 
of the absence of the ENZ condition, the metasurface shows 
much weaker amplitude modulation under reverse bias (see 
Figure S2, Supporting Information). It is worth mentioning 
that the implementation of the active phase shift control also 
plays a vital role for the realization of a tunable polarization 
converter. Figure 3b shows the phase difference between x- and 
y-polarized components of the reflected light as a function of 
wavelength and applied bias. Here, the phase difference is 
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Figure 2. a) Schematic for the tunable metasurface unit cell. The metasurface consists of a 150-nm-thick Al back reflector, a 20-nm-thick HAOL layer, 
a 5-nm-thick ITO layer, and an array of Al patch nanoantennas with a thickness of 80 nm. The unit cell dimensions are defined as: L = 280 nm, w = 
230 nm, and θ = 45°. The periodicity is p = 400 nm. b) Simulated reflectance spectrum of a periodic array of the described unit cell (see the metasurface 
depicted in Figure 1). Two gap plasmon modes supported by the metasurface are excited when the incident polarization is aligned with the long or 
short axis of the nanoantenna. c) Design principle of the tunable polarization converter. When a y-polarized light impinges on the metasurface, two gap 
plasmon modes are excited. The amplitude and phase of the excited modes can be modulated by biasing the ITO layer with respect to the Al mirror.
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defined as ∆ϕ = ϕyy − ϕxy. Similarly, a significant modulation of 
the phase difference is observed when the metasurface is for-
ward biased, which is consistent with the amplitude modulation 
results shown in Figures S1 and S2, Supporting Information.

The realization of circularly polarized reflected light is the 
most challenging aspect of the tunable polarization converter 
design. To obtain a circularly polarized light, one needs to con-
firm that the reflectance values of the x- and y-polarized light 
are equal, while the phase difference between the x- and y-com-
ponents of the electric field is either 90° or −90°. As shown 
in Figure  3b, this condition is satisfied at a wavelength of  
λ = 1580 nm. Thus, in what follows, we choose the wavelength 
λ = 1580 nm as an operating wavelength.

To further explore the physical mechanism behind the 
observed phase and amplitude modulation, we provide the dis-
tributions of the optical electric field in our metasurface-based 
polarization converter and discuss the change of the near-field 
coupling conditions at different applied biases. As discussed, 
the actively tunable amplitude and phase response of the meta-
surface is achieved by biasing the ITO layer with respect to the 
Al back reflector. When applying an electrical bias between the 
ITO layer and the Al back reflector, the carrier density in ITO at 
the HAOL/ITO interface is modulated, resulting in the change 
of the refractive index of the ITO layer, as shown in Figure 4a. 
Here, the carrier concentration of ITO at zero applied bias is 
taken to be 2.8 × 1020 (cm−3).[49] It is worth mentioning that the 
epsilon-near-zero (ENZ) condition (when the real part of ITO’s 
permittivity is close to zero) is met for gate voltages > ≈3 V (see 
Figure  4a and Figure S2a, Supporting Information). Thus, we 
expect to observe a significant optical modulation when the gate 
bias voltage is larger than 3 V, which is also consistent with the 
results shown in Figure 3. Figures 4b,c show the z-components 
of the electric field and magnetic field intensities at three dif-

ferent applied biases, respectively. At zero applied bias, a strong 
near-field coupling between the Al nanoantenna and the back 
reflector is observed, which results in the strong field confine-
ment within the gate dielectric HAOL layer (the first column in 
Figure 4b,c). When the metasurface is illuminated by a y-polar-
ized light, the emergence of the z-component of the electric 
field in the xz plane indicates that we have induced an electric 
dipole in the patch antenna along x-direction. The coupling 
between the electric dipole and the image dipole induced in the 
back reflector leads to a magnetic dipolar resonance with a mag-
netic moment along y-direction. Remarkably, the Ez component 
in the yz plane shows higher intensity than the one in the xz 
plane, revealing that the polarization component of the reflected 
light mostly linearly aligns along the x-axis. When the voltage 
is increased to 4 V, the ENZ condition is met. As a result, the 
optical field is mostly concentrated in the bottom region of the 
ITO layer (see the middle image of Figure 4b). This asymmetric 
field profile across the active ITO layer weakens the magnetic 
energy confinement in the HAOL layer, as shown in the middle 
image of Figure 4c. Besides, since the Ez component has sim-
ilar field intensity in the xz and yz planes, one can anticipate 
seeing closer x- and y-polarized reflected light intensity when 
the bias voltage is 4  V (more details will be discussed in the 
below). When the applied bias is increased to 14 V, the spatial 
ITO region in which the ENZ condition is met shifts away from 
the ITO/HAOL interface (see Figure  4a and the third column 
in Figure 4b), which further influences the interaction between 
the Al nanoantenna and the back reflector and makes the mag-
netic intensity in the HAOL layer weaker (see right image of 
Figure  4c). Again, when applying an electric bias of 14  V, we 
can see that in the far field, the intensities of x and y compo-
nents of the electric field are very close. This proximity of the 
far-field values of Ex and Ey is related to the fact that Ez adopts 
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Figure 3. a) Simulated reflectance of the co- (top panel) and cross-polarized (bottom panel) light as a function of wavelength at four different applied 
voltages. The inset of the bottom panel of (a) shows the orientation of the Al patch nanoantenna with respect to the x- and y-axis. b) Phase difference 
between x- and y-components as a function of wavelength and applied bias. The white solid line marks the parameter values that yield equal reflectance 
values for x- and y-polarized components of light.
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very close values the xz and yz planes. Our analysis shows that 
we observe a significant modulation of the amplitude, phase, 
and the polarization state of the reflected light when the active 
ITO layer undergoes the transition of ENZ condition.

Next, we discuss all the different polarization states that we 
can access via an active control of the optical response of the 

metasurface. In our analysis, we assume that the incoming 
light is y-polarized, and the operating wavelength is fixed to 
λ = 1580 nm. We decompose the reflected light into the x- and 
y-polarized components and plot the fraction of the incoming 
light, which has been converted into each of these components 
(see Figure  5a) as a function of applied bias. Figure  5a also 
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Figure 4. a) Real part of the dielectric permittivity of the 5 nm-thick ITO layer as a function of applied voltage and spatial coordinate. The wavelength 
is fixed to 1580 nm. b) Spatial distributions of the z components of the electric and c) magnetic intensities under different applied biases. Here, the 
incident light is polarized along y-axis and forms a 45° angle with the long side of the patch nanoantennas (see Figure 2c). Because of the onset of the 
ENZ condition within the active ITO layer, the plasmon coupling between Al nanoantenna and back reflector is tailored, resulting in the amplitude and 
phase modulations of the reflected light. The wavelength is fixed at 1580 nm. The intensity of incident electric field is 1 V m−1.

Figure 5. a) Simulated reflectance (orange line: cross-polarized light; olive line: co-polarized light) and phase difference (phase of the co-polarized 
reflected wave minus the phase of the cross-polarized reflected wave) as a function of applied bias. The metasurface is illuminated by a y-polarized 
normally incident light. The operating wavelength is 1580 nm. The cyan and magenta shadows indicate the range of voltage where the desired polari-
zation states are obtained. b) Plot of the Stokes parameters versus applied electrical bias and wavelength. c) The voltage-dependent path of reflected 
light polarization state on the Poincaré sphere. Incident wavelength: 1580 nm.
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plots the phase difference between the x- and y-polarized com-
ponents of the electric field as a function of applied bias. When 
the applied bias is varied between −4 and 2  V, a y-to-x cross-
polarization conversion with about 30% conversion efficiency is 
realized while the intensity of the y-polarized light is negligible 
in this voltage range. Here, the linear cross polarization conver-
sion efficiency is defined by the reflectance of the x- polarized 
component. It is worth mentioning that the thickness of the Al 
nanoantennas plays a key role in realizing a complete conver-
sion to a linear cross-polarized state (see Figure S11, Supporting 
Information for more details). As the voltage increases from 2 
to ≈12 V, our metasurface realizes a linear-to-elliptical polariza-
tion conversion. For the bias voltage range between 12 and 16 V, 
our metasurface converts the incoming linearly polarized light 
into a circularly polarized light. A RCP can be realized because 
we have been able to achieve 90° phase difference between the 
x- and y-polarized components of the reflected light when the 
amplitudes of these components are equal. Since the x- and 
y-polarized reflectance are equal for a circularly polarized light, 
the linear-to-circular polarization conversion efficiency can be 
evaluated by the reflectance of either x-or y-polarized compo-
nent. As seen in Figure  5a, our tunable metasurface presents 
≈8% linear-to-circular polarization conversion efficiency. A pos-
sible route to higher polarization conversion efficiency would 
be using a nanophotonic design, which is similar to the one 
described in the current work, but replacing the metallic com-
ponents with high-index dielectric materials. In principle, all-
dielectric metasurface can be interfaced with an ITO layer to 
achieve an electrically tunable optical response. Prior research 
has investigated a similar approach for realization of the polari-
zation conversion.[50] However, the photonic design used in 
the mentioned work did not enable the generation of versatile 
polarization states at a given operating wavelength. One can 
also design a metasurface comprised of a dielectric electro-
optics material,[28] and use the designed metasurface for the 
polarization conversion. To further evaluate the optical perfor-
mance, we use the Stokes parameters to investigate the gener-
ated polarization state under different applied biases. For an 
electromagnetic wave propagating along the z-axis, the Stokes 
parameters can be determined by:[24,25]

= + = +0
2 2

S r r R Rx y xy yy
 

(1)

= − = −1
2 2

S r r R Rx y xy yy  (2)

� � � �ϕ( )= ∆ = − = −−2 cos2 45

2

45

2

45 45S r r r r R Rx y �
 

(3)

ϕ( )= ∆ = − = −2 sin3
2 2S r r r r R Rx y RCP LCP RCP LCP

 
(4)

where rx, ry, r45°, r-45°, are the complex reflection coefficients 
of the linearly polarized light with the electric field along the 
x-axis, y-axis, at an angle of 45°, and −45° with respect to the 
y-axis, respectively. rRCP, rLCP are the complex reflection coef-
ficients of the light with RCP and left-hand circular polariza-
tion (LCP), respectively. ∆ϕ = ϕyy − ϕxy is the phase difference 
between x- and y-components of the reflected light, which can 
be extracted from Figure  3b. Based on the results shown in 

Figure  5a, we can achieve all three desired polarization states 
(linear, elliptical, and circular) upon application of a forward 
bias. Thus, in what follows, we will discuss the case of positive 
voltages only. Figure 5b plots the calculated Stokes parameters 
(normalized to S0) as a function of wavelength and applied bias. 
As seen in Figure  5b, the calculated Stokes parameters (espe-
cially S1 and S3) are strongly modulated in the voltage range 
(3.5, 4.5 V). While for applied biases below 4 V our metasurface 
converts the linearly polarized light into a linearly cross-polar-
ized light (along the x-axis), at an applied of ≈4  V our metas-
urface realizes linear-to-elliptical polarization conversion. It is 
also consistent with the aforementioned points: the active ITO 
layer enters the ENZ region when the applied bias voltage is 
>≈3 V. It is worth noting that S1 and S2 are close to zero while 
S3 is almost unity when the voltage is within the (12, 16  V) 
range, which further confirms that our metasurface coverts 
the incoming linearly polarized light into a circularly polarized 
light of high purity.

To clearly describe the dynamics of the polarization state 
of the reflected light, we plot the voltage-dependent path of 
the polarization states on the Poincaré sphere (Figure  5c). In 
Figure  5c, the operating wavelength 1580  nm. First, we can 
see that the incident y-polarized light is converted to an almost 
x-polarized light at 0  V. The polarization state moves towards 
the upper hemisphere corresponding to the right-hand ellip-
tical polarization when electrical bias is increased, and resides 
around the north-pole, corresponding to the RCP, when the 
bias voltage keeps increasing. On the other hand, the polariza-
tion state moves towards the lower hemisphere, corresponding 
to the left-hand elliptical polarization, when a negative voltage 
is applied. Thus, our dynamic polarization converter enables 
the conversion of the linearly-polarized incident light into a 
cross-polarized, circularly-polarized, or elliptically-polarized 
reflected wave, three widely used polarization states, by suitably 
biasing the metasurface.

Moreover, the proposed metasurface is capable of accessing 
other polarization states on the Poincaré sphere at different 
operating wavelengths (see Figure S3, Supporting Informa-
tion). For example, at an operating wavelength of 1456 nm, we 
can actively covert the polarization state of the reflected light 
from a left-hand elliptical polarization to a linear polarization 
with an electric field at an angle of −45° with respect to y-axis. 
The described elliptical-to-linear polarization conversion occurs 
when we increase the bias voltage from 0 to 6 V. The polariza-
tion state becomes a left-hand elliptical polarization again when 
the voltage is further increased. In addition, an LCP can be real-
ized at a wavelength of 1456 nm when a negative bias voltage is 
applied. Interestingly, at an operating wavelength of 1632 nm, 
we can actively switch between a linearly polarized light (with 
an x-polarization) to a right-hand elliptically polarized light, and 
a linearly polarized light with an electric field at an angle of +45o 
with respect to y-axis (see Figure S3, Supporting Information).

3. Conclusion

In conclusion, we propose an actively tunable metasurface 
polarization converter, which is based on a field effect-induced 
modulation of the properties of the ITO layer. When applying 
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an electrical bias between the active ITO layer and the back 
reflector, the carrier concentration at the gate-dielectric/ITO 
interface is modulated, resulting in a change of the complex 
refractive index of the ITO layer. The introduction of the ENZ 
condition enables altering the interaction between the induced 
plasmonic modes, leading to the modulation of the polariza-
tion state of the reflected light. Our analysis shows that the 
optimization of the optical parameters of the ITO layer and the 
structural dimensions of metasurface polarization converter is 
crucial for achieving a significant change in the polarization 
state of the reflected light. Indeed, in our experiments, we have 
been able to observe only linear to elliptical polarization conver-
sion because of an imperfect match of the properties of the ITO 
layer and the structural parameters of the metasurface (see Part 
3 of Supporting Information). However, our simulation results 
show that for given properties of the ITO layer, we can suitably 
adjust the structural parameters of the metasurface to ensure 
generation of versatile polarization states when the metasurface 
is suitably biased (for further details see Part 3 of Supporting 
Information). By suitably biasing the metasurface structure, 
the proposed polarization converter can actively transform the 
incoming linearly y-polarized light into a linearly cross-polar-
ized, circularly-polarized, or elliptically-polarized reflected light 
at telecom wavelengths, depending on an applied voltage. We 
estimate that the modulation frequency of the proposed meta-
surface polarization converter is on the order of MHz.[49,51] The 
modulation frequency could reach a GHz range if the RC time 
constant is minimized via an appropriate electrical interconnect 
design.[52] Finally, we would like to mention that the wavelength 
of the ENZ condition can be significantly shifted by tuning the 
atomic ratio of the metal in the metal-ITO co-sputtered films.[53] 
It has been previously shown that metal-ITO composite films 
may exhibit an ENZ transition at shorter wavelengths as com-
pared with the pure ITO films once the composite films have 
been annealed.[53] While the thickness of the demonstrated 
metal-ITO composite films is 200 nm, the thickness of the ITO 
layer in our tunable polarizer is only 5 nm. If it were possible to 
fabricate much thinner metal-ITO composite films with a blue-
shifted ENZ region than, in principle, the operating wavelength 
of the tunable polarizer could be significantly blue-shifted. 
This dynamic control of the amplitude, phase as well as the 
polarization state of the reflected light provides prospects for 
various applications, such as dynamic wave plates, low-profile 
spatial light modulators, adaptive wavefront control, signal 
monitoring and detection, and quantum optics. As we have dis-
cussed, ITO may be used as an electrically controlled material 
in active metasurfaces or metamaterials operating in the NIR 
wavelength range. This is because the ENZ region of ITO can 
be dynamically shifted under applied electrical bias. It is worth 
mentioning that ITO is also an attractive material for the stealth 
and communication integration technology since it exhibits a 
diverse optical response in different parts of the electromag-
netic spectrum.[54] For the stealth applications, it is essential to 
introduce a material, that which exhibits low thermal emissivity 
in the infrared (IR) region of the electromagnetic spectrum 
(specifically, 8–14  µm).[54] According to the Kirchhoff’s law, 
the low thermal emissivity can be obtained when a material, 
which highly reflective in IR is used. Both metals and ITO are 
highly reflective in the IR wavelength range.[55] Unlike metals, 

however, ITO exhibits optical transparency, which is required 
for stealth applications. Prior research has also shown that an 
ITO-based heterostructure can exhibit a transparency window 
in the microwave wavelength region, which makes ITO a prom-
ising material for the communication-compatible multispectral 
stealth technology. To conclude, we believe that ITO is a prom-
ising material for diverse optical applications due to its versa-
tile optical response in different parts of the electromagnetic 
spectrum.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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