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Abstract

A reconfigurable THz metasurface (MS) capable of independent reflection amplitude and
phase modulation is designed and analyzed. The tunability is achieved in a simple few-
layer structure by control over the chemical potential of a graphene monolayer patterned
in square patches and over the bulk conductivity of an overlying vanadium dioxide (VO,)
patch array; these impart control over the reflection phase and magnitude, respectively. To
design and analyze the MS unit cell, we employ intuitive equivalent circuit and transmission
line modeling, which is validated against full-wave simulations, showing good agreement
in the regime of interest, i.e., on the first resonance for normal plane wave incidence. The
simulated phase modulation approaches 250°, enabling binary-encoded digital metasurface
designs, while the magnitude modulation spans more than 20 dB, from —3 dB almost down
to perfect absorption. The flexibility of dynamic phase and amplitude control can unlock
the full potential of such THz MS hybrid designs for future wireless communications
(6G and beyond) and for sensing applications. Finally, the analytical modeling can be
extended to polarization-dependent, anisotropic, or non-local EM responses and/or to
include aspects of the multiphysical control mechanisms.

Keywords: metasurface; reconfigurable; terahertz; graphene; vanadium dioxide;

phase-change material; equivalent circuit model; transmission line model

1. Introduction

Metasurfaces (MS) are artificially engineered ultra-thin planar structures arranged
in periodic configurations, enabling precise control of the scattered electromagnetic (EM)
wavefront direction/shape, amplitude, and/or polarization [1-6]. Through tailored geo-
metric design and material composition, MS can realize a wide range of functionalities,
including wavefront shaping (e.g., beam steering or splitting), absorption, and transmission
control [7,8]. Being the two-dimensional counterpart of bulk/3D metamaterials, MS offer
distinct advantages such as low profile, reduced loss, ease of fabrication, and seamless
integration with existing systems, while maintaining high efficiency and versatile EM
wave manipulation capabilities [9,10]. By reconfigurability [5], we refer to the ability to
non-negligibly adjust their EM response after deployment, in real time and without moving
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parts, which makes reconfigurable MS (RMS) particularly attractive for modern adaptive
applications, as opposed to conventional passive metasurfaces.

The ongoing work related to RMS can be broadly categorized based on their capability
to modulate the phase, amplitude, and/or polarization of scattered EM waves; theoretical
and numerical techniques for modeling, analysis, and inverse design of such RMS are par-
ticularly interesting. Phase-modulating RMS shapes the phase of an incident wavefront and
has been extensively investigated for applications such as dynamic beam steering [11], beam
focusing [12], holography [13], and polarization control [6,14-16]. Amplitude-modulating
RMS regulate the magnitude of the scattered EM wave within specific frequency bands
and have been widely explored for functionalities including tunable perfect absorbers and
transmission or backscatter control [3,4,7,8,17,18]. However, for more sophisticated and
performance-critical applications—such as high-fidelity holography, multi-beamforming,
high-resolution imaging, and sidelobe suppression—the ability of RMS to simultaneously
control both the phase and amplitude of the reflected wavefront is highly desirable. The
independent and continuous modulation of these two degrees of freedom enables precise
wavefront shaping and significantly improves system performance in ‘smart’ EM environ-
ments. Nevertheless, most reported RMS capable of amplitude and phase tuning operate at
microwave and/or millimeter-wave frequencies, employing PIN diodes or varactors [19].
Unfortunately, extending such designs to the THz band, even the sub-THz (e.g., 300 GHz),
remains challenging due to increased material losses, fabrication constraints, and the re-
duced effectiveness of conventional tuning mechanisms at shorter wavelengths [1,2]. This
gap highlights the need for simple, compact, low-loss, and efficient RMS platforms suitable
for emerging THz or hybrid applications [20].

To address this demand, focus has shifted to advanced materials that exhibit strong
THz light-matter interaction and offer additional degrees of freedom for realizing complex
and dynamic EM functionalities. This has driven the development of smart materials and
nanostructures capable of achieving efficient and versatile tunability in the THz band [10,21].
Atomically thin 2D materials, such as graphene [22], and phase-change materials, such
as vanadium dioxide (VO,) [5], are two emerging and promising material platforms for
achieving dynamic and reconfigurable THz wavefront scattering. In the THz, graphene
exhibits superior carrier mobility, which allows for efficient electrical control of its reactive
surface conductivity, making it particularly attractive for dynamic phase control. VO,,
on the other hand, exhibits a reversible insulator-metal transition (I-M-T) near 340 K,
during which its bulk electrical conductivity changes by several orders of magnitude; this
enables strong and controllable amplitude modulation, which cannot be achieved with
graphene alone or other phase-change materials [23,24], which require more complicated
resonant structures, reducing fabrication feasibility. Therefore, using this hybrid MS design,
independent control of the amplitude and phase is realized, which is difficult to achieve
using a single material platform [25].

In this work, we employ a hybrid unit cell that integrates graphene and VO, in
a single THz RMS design to exploit their combined strong points: Electrically tuning
graphene’s chemical potential (y.) primarily alters the reactive component of its surface
impedance, leading to a smooth and broadband phase modulation; as a result, graphene is
suitable for phase control but is intrinsically limited in amplitude modulation due to its
relatively weak absorption in the THz range [26,27]. The I-M-T of VO, [28] largely modifies
its resistive impedance through its bulk conductivity (cyo,) which can be exploited to
modulatethe reflection magnitude in resonant MS structures. We choose a hybrid but
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decoupled MS architecture where varying graphene y. minimally perturbs the absorption
(governed by the VO, state) and, conversely, changing oyo, has limited impact on the
reflection phase. This architecture enables flexible and independent modulation of the
complex (amplitude and phase) EM wave scattering, which is not readily achievable
with either material alone. The graphene-VO, hybrid MS therefore provides a practical
pathway toward multifunctional, reconfigurable THz metasurfaces capable of dynamic
and independent reflection phase and magnitude modulation, which is highly desirable for
emerging 6G communication and sensing applications [25]. Normal incidence is considered
in all theoretical studies, for the sake of simplicity, but polarization-dependent performance
under oblique illumination is also numerically evaluated.

The remainder of this paper is organized as follows: Section 2 presents a systematic
design methodology of the proposed RMS, highlighting the unit cell architecture, material
dispersion models, equivalent circuit/transmission line model (ECM/TLM), and full-wave
EM simulations. Section 3 reports and compares the results obtained from three investigated
configurations. Section 4 provides a detailed discussion and comparison of the results to
the current state-of-the-art. Finally, Section 5 concludes the paper by summarizing the
main findings.

2. Design of the Unit Cell
2.1. Unit Cell Architecture

A three-dimensional schematic of the proposed MS array and the unit cell structure
are shown in Figure 1a and 1b, respectively, with periodic extension along the x and y
directions. This unit cell adopts a multilayer architecture consisting of five stacked layers
arranged sequentially from top to bottom: The top layer is VO, which is investigated in two
configurations, as a uniform bulk slab and as a patterned square patch occupying a large
fraction of the unit cell area [29,30]. VO, (PCM) is toggled between transparent and metallic
state. Thus, without being highly absorptive itself, metallic VO, can form an absorption
resonance inside the unit cell (where the low losses of graphene can be exploited) which
eventually controls the magnitude of the reflected wave; this control is effectuated by tuning
the oyo, via heating. Next, an oxide (5iO,) dielectric layer is introduced beneath the VO,
layer, to provide electrical isolation and reduce the coupling between the reconfigurable
materials; in the THz, SiO; is described by a relative permittivity e, = 3.88 (refractive index
is 1.97), assumed dispersionless. A graphene monolayer is incorporated below the dielectric
oxide spacer; graphene is modeled either as an infinite sheet or in square-patterned patches,
with zero thickness in both cases.High-quality graphene predominantly controls the phase
of the impinging THz wave, owing to its largely reactive surface impedance. Graphene
also has some losses (resistive impedance) which can be considered as parasitic for the
phase-manipulation, i.e., they are not strong enough to create an absorption resonance by
themselves.Consequently, by electrically tuning graphene’s y., we control only the phase
of the reflected wave. The graphene layer is supported by a silicon substrate with a relative
permittivity e, = 11.8 (dispersionless), which enhances field confinement and mechanical
robustness in the multilayer structure [31]. Finally, the back of the cell is terminated with a
continuous gold mirror, modeled as a perfect electric conductor, to suppress transmission
and enable reflective mode operation [32,33]. The combination of these two qualities,
brought by graphene and VO;, highlight the potential of this hybrid unit cell design in
achieving independent modulation in phase and magnitude.
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Figure 1. The reconfigurable hybrid MS architecture. (a) Example of a 5 x 5 cell array. (b) Unit cell
schematic with material and dimension annotations.

2.2. Material Dispersion Models

Graphene is modeled as a zero-thickness transparent impedance sheet, e.g., with
a custom “tabulated surface impedance” (TSI) material in CST Microwave Studio; its
corresponding complex surface conductivity o; is given by Kubo formulas [34]. Graphene’s
surface conductivity generally has intraband and interband contributions, but the intraband
term is dominant in the THz regime; so, the interband term (which is dominant in the near-
infrared and visible spectrum) can be neglected [35,36]. According to the Kubo formulas,
the complex 0; depends on the interacting EM wave frequency (w), lattice temperature (T),
chemical potential (), and relaxation time (7), i.e., 05 = 05(w, T, pc, T). In this work, we
exploit the dependence on y, by assuming it can be externally controlled, e.g., by electrical
gating or biasing. The relaxation time is related to the carrier mobility (pyep), Which
quantifies the purity of the graphene sample [37], i.e., its losses. With these assumptions,
the graphene THz surface conductivity is expressed as

. 2¢°KgT Er

where 11 = h/(2m) is the reduced Planck constant, Kp is the Boltzmann constant, and
T = (Pepmob)/ (qvj%), i.e., it depends on the chemical potential. We consider a fixed Fermi
velocity vy = 10° m/s and a fixed HUmob = 20,000 cm?V—1s71; q is the electron charge. For
ue > KT, i.e., for highly doped graphene at room temperature T = 300 K, it holds that
#c = Ep and that the surface conductivity can be further simplified into the Drude-like

spectra as
2
; g He
THe, T) = - / 2
0s(w; phe, T) e )

which highlights its y.-dependent dispersive properties.
For the VO, THz dispersion, we used the Drude formula

(,()%, (UVOZ )

S Wty ®)

&r ((U, UVOZI r)/) =€

where w is the EM wave frequency, e is the high-frequency relative dielectric permittivity,
wp is the plasma frequency, and v = 5.75 x 10'3 rad/s is the collision frequency that

dictates the losses. As implied by Equation (3), the plasma frequency depends on its heat-

5 = W5 (0v0,) = (00, / Tre )W) ot

with reference bulk conductivity ot = 3 x 10° S/m and reference plasma frequency

tunable bulk conductivity and can be approximated as w

Wy ref = 1.4 X 10 rad/s. Importantly, the bulk conductivity of VO, in the metallic state
is four orders of magnitude higher than its conductivity in the insulator (dielectric) state.
In this work, we set the two ovo, extremes, for dielectric and metallic states, as 20 S/m
and 200,000 S/m, respectively. Furthermore, we assume this bulk conductivity can be
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continuously varied between the insulator and metallic states, e.g., by temperature control,
to consider its behavior in the intermediate states.

Note that the heating-mediated phase transition in VO, is non-volatile and is intended
to be used at slow rates (not in fully dynamic scenarios), i.e., as a ‘toggle’ switch between
absorptive and wavefront-shaping RMS functionalities; the former can be used in wireless
sensing (e.g., if graphene patches are seen as planar integrated plasmonic antennas or
photodiodes), while the latter is used in wireless communications (beam steering to extend
non-line-of-sight coverage).

2.3. Transmission Line Modeling

A transmission line model (TLM) is be used to approximately quantify the reflection
coefficient spectra when the MS cell of Figure 1b is illuminated by a plane wave. The unit
cell cross-section side view and the corresponding TLM are shown in Figure 2 for two
configurations of the VO, layer. The purpose is to calculate the input impedance Z;, at the
top side, i.e., at the exposed surface where THz light impinges normally on the surface.
Importantly, the model must use only the wave frequency, geometric dimensions, and
material properties of the unit cell, in closed-form expressions, so that we can compute the
spectra without conducting full-wave simulations. To compute Z;,, we can start from the
bottom of the TLM, i.e., from the reflective mirror, and move to the top, using transmission

line theory [37,39,41].
inc.ég refl.
Air

patc patc

| xy Gold mirror Short circuit | | xy Gold mirror Short circuit

(2) (b)

Figure 2. Unit—cell cross section and corresponding transmission line model (TLM) for the case
where the VO, material is (a) unpatterned, i.e., a slab, or (b) patterned into wide patches. The shunt
admittances Ygra and Yy, of the patch arrays can be computed by equivalent circuit models (ECM).

Starting from the bottom, the gold ground plane is considered a short circuit. Then,
the silicon substrate slab with thickness tg; is modeled as a transmission line (TL) segment
of that same length, of characteristic impedance Zg; and of phase constant fg;. For
normal incidence, it holds that Zgs; = 170/ /2;5i and Bs; = ko,/;s;, where 179 ~ 377 ()
is the vacuum wave impedance and kg = 271/ is the vacuum wavenumber. The input
impedance of this TL segment, marked as Z3 in Figure 2, is given by the grounded TL
equation

Z5 = jZosi tan(Bsitsi).- 4)

Continuing, the impedance Z; is the parallel combination of the surface impedance
of the graphene layer (Zgra = 1/Ygra) and the input impedance of the previous layer, Z3,
computed as

7y = ZgraZB

=_°" - 5
Zgra"'ZB ( )

When the graphene sheet is infinite, then Zg;a = 1/05, i.e., its surface conductivity suffices.
When the sheet is patterned, e.g., in wide patches with narrow gaps, the surface impedance
of this array has an extra a capacitive (reactive) term which can be computed by an
equivalent circuit model (ECM), presented in the following subsection.
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Then, since the top SiO; substrate is also a uniform slab, it can be similarly modeled
as a TL segment of length ts;0, ‘loaded” by Z5; the input impedance at the slab’s top port,
marked as Z; in Figure 2, is given by the impedance transformation equation (ITE)

Zy + jZO,ox tan(ﬁoxtox)
ZO,OX + jZZ tan(ﬁoxtox)

Zy = Zo,ox (6)
Note that for a short-circuit load, i.e., Z, = 0, the ITE is equivalent to Equation (4).

Finally, on the top of the cell, the VO, slab of thickness tyo, depicted in Figure 2a is
modeled as a thin TL segment, similar to the modeling of the two dielectric substrates; the
difference here is that the characteristic impedance and phase constant of the transmission
line are Drude-dispersive as the relative permittivity of the VO, slab depends on w according
to Equation (3). The total input impedance Z;, of the MS unit cell is computed by an ITE,
now using Z; as the 'load’,

Zq +jZV02 tan(ﬁVOz tVOz)

: , 7
ZV02 +jZ4 tan(ﬁvoz tVOZ> @)

Zin = Zvo,

where tan(Bvo,tvo,) = Bvo,tvo, for very thin layers. Alternatively, if the VO, layer is
patterned in deeply subwavelength-thickness square patches, i.e., similar to the graphene
sheet, an ECM can be used to compute the equivalent surface impedance of this VO,
patch array which shunts Z; to compute Z;,, instead of using the ITE; see the following
subsection.

Having computed Z;, and assuming normal THz wave incidence from the air-exposed
side of the unit cell (Zy = 1), the co-polarized complex-valued reflection coefficient (I') at
the input port where the THz light impinges is given by

F_Zin*ZO

e L ——— 8
Zin + Zo ®)

2.4. Equivalent Circuit Model for Surface Impedance of Capacitive Patch Arrays

The ultra-thin graphene wide-patch array sandwiched between two dielectric sub-
strates with permittivities ;1 and ¢, can be approximated with a surface impedance Zg,
given by [29,30]. The surface impedance consists of two parts in series, Zgra = Zsc + Zgyig:
The first term mainly depends on the surface conductivity of the graphene patch material,
and the second term represents the equivalent surface impedance of the periodic capacitive
patch array, which can be computed analytically as [30]

.n
Zgrid = _]zif/ )

where «a is the so-called ‘grid parameter’, which relates the tangential electric field at the
MS plane to the induced surface current density on the periodic patch array. Physically,
it quantifies the strength of electric coupling between adjacent metallic elements and
therefore governs the capacitive behavior of the grid when the inter-element gaps are much
smaller than the unit-cell period [30,42]. According to the classical Kontorovich-Tretyakov
grid theory, for an electrically dense periodic array of metallic patches or strips, the grid
parameter « is given in this case as [30,43],

- kff% ln{csc r(wC — w”)} } (10)

2wy

https://doi.org/10.3390 /photonics13020195


https://doi.org/10.3390/photonics13020195

Photonics 2026, 13, 195

7 of 21

In this manner, the final ECM-computed surface impedance of the graphene capacitive
patch array is

1 we . Hegg 7 ] 7T(we — wp)
Zora = Z Zovid=———]J— 1 —_— /- 11
gra sc T Lgrid s w, ] > kefpr n csc 2w, (11)

where o5 is the dispersive surface conductivity according to Equation (2) above, 7. is the
wave impedance in the equivalent bulk medium in which the graphene patch is embedded
[with relative effective permittivity e, .t = (&1 + €,2) /2], wy is the width of the graphene
patch, and w, is the period of the unit cell. Furthermore, ket = ko/€; off is the wave number
of the incident wave in the equivalent medium. In the case of the graphene patch array in
the unit cell of Figure 1b, it holds ¢, off = (&1 + €r,0x) /2

Now, concerning VO, when patterned in wide patches: We can model it as a shunt
load equivalent to how graphene is modeled in Equation (11). In this case, the complex
surface complex conductivity is expressed according to [44,45] as

ovo, = jler(w) — weotvo, (12)

in units of Siemens. The surface impedance of the capacitive VO, patch array is given by
Equation (11) after replacing s — 0yo, and computing kg and 77.¢ with the corresponding
€, 0ff = (14 €r,0x)/2, as the VO, patches are between air and silicon dioxide. Obviously, the
width of the VO, patches can be different from the width of the graphene patches, but both
must be small in all cases. The cell side view and the corresponding TLM for this case are
shown in Figure 2b, and the reflection coefficient at the input port at the top is determined
in the same way as outlined earlier.

2.5. Full-Wave Simulation

We employ the CST Microwave Studio simulation software [46] to numerically in-
vestigate the EM response of the proposed MS unit cell, assuming infinite periodic repeti-
tion. The simulation is carried out using the frequency domain solver with tetrahedron
mesh, which provides high accuracy for steady-state spectral, phase and absorption anal-
yses [46,47]. The optimized geometric dimensions of the unit cell are shown in Table 1,
which are the same throughout the following sections, unless otherwise stated. The unit
cell periodic boundary conditions are applied along the x- and y-directions. We excite the
structure at the upper Floquet port under normal plane wave incidence along the z-axis.
An open boundary condition is assigned at the excitation top boundary (zmax), where the
reflection is to be computed, and the bottom boundary (zin) is modeled as a perfect electric
conductor (PEC) to emulate the gold backplane [46,48]; use of realistic materials (such as
gold) has a minimal impact on the response. The temperature-dependent phase transition
behavior of VO, is incorporated in the simulation by varying its bulk electric conductivity
o from 20 S/m to 200,000 S/m, which transitions from the insulator to metallic state [5];
this change affects the plasma frequency, and the final dispersive permittivity used in
the simulations is implemented by a Drude model. Also, the graphene layer is modeled
with a TSI with surface conductivity values taken by the Kubo formula (intraband); such
a zero-thickness impedance sheet properly captures its two-dimensional nature without
introducing artificial thickness, which is negligible compared to THz wavelengths, that
should be meshed, increasing computational burden. The graphene surface impedance,
which is highly reactive at THz wavelengths (imaginary part of o; is non-negligible), is
tuned simply by varying the chemical potential y., typically between 0.1 (near-pristine
graphene) and 1 eV. This approach reduces the computational cost while preserving the
essential electromagnetic behavior of the graphene-wave interaction [22,49,50].
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Table 1. Geometric parameters of the metasurface unit cell (in pm).
we tau tsi tsi0, tvo, Wy,gra Wp, VO,
30 1.2 20 15 0.1 27 27
3. Results

In this section, we present and compare the unit cell response results by ECM/TLM
modeling and by full-wave simulations. The analytical ECM/TLM provides a good starting
tool for pre-selecting the geometric dimensions before an optimization with full-wave
simulations at the unit cell is performed. We consider normal illumination; however, the
ECM and TLM can both be extended to oblique incidence, according to [29,30], to study
the polarization sensitivity of the device.

3.1. VO,-Only Configuration for Reflection Amplitude Modulation

We first investigate the EM response of the MS when graphene is absent, considering
the unit cell consisting of VO, on top of the oxide/Si substrate backed by the gold ground
plane. We assume the bulk conductivity of VO, can be continuously tuned between the
dielectric and metallic phases, e.g., by heating.

We start with the unpatterned VO, slab case, which can be modeled by a simple
TLM. The slab thicknesses are varied to 0.1 pm, 1 pm, 2 pm, and 5 pm to investigate its
influence on THz reflection [51]. The input impedance Z;, and the reflection coefficient
I' are subsequently computed as discussed in the methodology section by setting o5 = 0.
The equivalent circuit is shown in Figure 3a, where the unpatterned VO,, oxide, and Si
slabs are cascaded as TL segments, while the gold mirror corresponds to a short-circuit
termination [29,30,45].

inc. reﬂ.

inc. refl.
Air Zo ko
'Zovozﬁvoﬁ
ZUO\ ﬁoxi

A e ts; s,, g te:
® St Zysi» Psi . S Zysi s PBsi
| xy Gold mirror Short circuit | | xy Gold mirror Short circuit

(2) (b)

Figure 3. Unit—cell cross section and transmission line model (TLM) for the case where the VO,
material is (a) unpatterned, i.e., a slab, or (b) patterned into wide patches. Graphene has been
removed in both cases.

The corresponding reflection amplitude spectra are presented in Figure 4a, where
we vary the VO, bulk conductivity. These spectra clearly show the Fabry—Pérot resonant
behavior of the stratified medium backed by a PEC ground. For low ovy,, below 200 S/m,
the structure behaves as a loss-low dielectric slab, exhibiting minimal resonance with a
reflection coefficient close to unity, indicating weak electromagnetic coupling. This is con-
sistent with the insulator phase of VO,, where the interaction with incident THz radiation
is dominated by dielectric reflections [5,52]. As the conductivity increases towards the in-
termediate and metallic phases, deeper and sharper resonance dips appear at nearly 1 THz
periodicity (free-spectral range, FSR), which is consistent with Fabry—Pérot standing-wave
resonances [52,53]. Figure 4b presents a comparison between the analytical ECM/TLM and
the full-wave CST simulation for the metallic VO, state; as expected, for the unpatterned
slab unit cell configuration, the agreement is exact.
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Figure 4. (a) Reflection amplitude tuning by changing the top VO, slab bulk conductivity, in S/m, in
the unit cell. (b) Comparison between full-wave simulation and transmission line model, for the fully
metallic case, oy, = 200,000 S/m.

Figure 5 studies the effect of the thickness of the unpatterned VO slab on the reflection
spectra as it is increased from 0.1 pm to 5 pm. For small thickness (0.1 pm), the structure
supports discrete resonance frequencies, with relatively broad absorption minima within
each frequency band. In this thin-film regime, the effective optical path length is short,
leading to weak multiple reflections and reduced field confinement within the cavity. As a
result, the supported resonances are fewer in number less sharply and weakly defined in
frequency. As the VO, thickness increases progressively up to 5 pm, the optical thickness of
the multilayer stack increases substantially, enhancing internal reflections between the VO,
layer and the metallic ground plane. This enhances field confinement and the excitation
of higher-order longitudinal cavity modes, leading to multiple sharp absorption dips and
a decrease in the spacing between adjacent resonances. This behavior is typical of Fabry—
Pérot cavity dynamics, where the resonance condition is governed by the round-trip phase
condition imposed by the geometry of the cavity. Specifically, the free spectral range (FSR)
of a Fabry—-Pérot cavity is inversely proportional to the effective optical length, such that
increasing the VO, thickness reduces the FSR. As a result, a larger number of resonant
modes can be accommodated within the same spectral window. Moreover, the increased
thickness enhances impedance modulation and loss accumulation within the VO; layer,
further deepening the absorption minima. These combined effects explain the transition
from sparse, broadband absorption features at small thicknesses to more dense and higher
Q-factor resonances at larger thicknesses [54].

Next, we examine the unit cell configuration shown in Figure 3b, in which the VO,
layer is now patterned in patches with a width equal to 90% of the unit-cell width (pe-
riod). In this case, the VO, is represented by a parallel admittance, whose value is
given by the ECM. The resulting reflection amplitude and phase spectra are presented in
Figure 6a and 6b, respectively [29,30,55,56]. Compared with the unpatterned slab configu-
ration, the VO, patch configuration generally exhibits higher reflection levels, which are
seen as shallower resonance dips in the reflection spectrum. This behavior arises due to the
fact that patterning reduces the effective volume of the lossy material participating in the
light-matter interaction. As a result, both ohmic dissipation and plasmonic losses associated
with induced surface currents are reduced, which alters the surface impedance, so less
incident power is absorbed and more is reflected. In addition, the edge capacitance from
the patch gaps also modify the resonant condition compared with the uniform slab case.
These effects shift the resonance condition and weaken absorption by reducing current
continuity. This further contributes to the shallower reflection minima which is observed in
the patch configuration. The corresponding reflection phase unveils that the VO, patch
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configuration produces minimal phase change when the conductivity is swept from dielec-
tric to metallic state. This combination makes the patch geometry particularly suitable for
applications where a high reflected amplitude is desired, with comparatively less emphasis
on wide phase tunability. The decoupling of amplitude and phase responses makes the
patch geometry particularly attractive for applications requiring large reflection amplitude
combined with wide phase tunability, such as reconfigurable reflect-arrays, beam steering,
and wavefront shaping metasurfaces [56-58].
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Figure 5. Analytical TLM reflection amplitude spectra for four different VO, slab thicknesses as
the bulk conductivity is changed; in all four panels, the different colored curves correspond to
different oy, values, given in the legends of panels b and d. (a) tyo, = 0.1 um, (b) typ, = 1 um,
(¢) tvo, = 2 pm, (d) tyo, = 5 pm.
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Figure 6. Analytical ECM/TLM reflection (a) magnitude and (b) unwrapped phase spectra for
MS cell with VO, patterned in square patches. Different colors correspond to different VO, bulk
conductivity; the color-coding is given in the legend of panel a.
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Comparison between the ECM/TLM and full-wave simulations also reveals excellent
agreement as shown in Figure 7. The ECM/TLM accurately reproduces the resonance
frequencies as well as the overall dispersion trends of both the reflection magnitude and
phase across the considered spectral range. Only minor discrepancies are observed in
the depth of the amplitude minima as frequency increases, which can be attributed to
higher-order modes and edge-induced fringing fields that are inherently captured in the
full-wave simulations but approximated in the analytical formulation. Nevertheless, the
very good agreement near the first resonance validates the proposed ECM/TLM approach
and confirms its robustness and reliability for accurately estimating the resonance frequency
and Q-factor of the VO,-patch unit cell.
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Figure 7. Comparison of reflection spectra, (a) magnitude and (b) phase, between full-wave CST
simulation and the ECM/TLM, for the unit cell of Figure 3b, where VO, is patterned in patches and
(7\/02 =200 S/m

3.2. Graphene-Only Configuration for Reflection Phase Modulation

In this subsection we consider the unit cell configuration of Figure 8 in which the
graphene is present, sandwiched between the Si and SiO; layers, while the top VO; layer
is removed. For this more well-studied configuration, e.g., [37,56], we examine both the
reflection magnitude and phase responses obtained from our analytical ECM/TLM and
full-wave simulations.
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Figure 8. Unit-cell cross section and transmission line model for the case where the graphene
monolayer is (a) unpatterned, i.e., an infinite sheet, or (b) patterned in square patches. VO, has been
removed in both cases.

Starting from the unpatterned graphene sheet configuration, the results are presented
in Figure 9. The reflection amplitude spectra obtained from the analytical ECM/TCM
and the CST full-wave simulations show very good overall agreement near the first res-
onance, around 1 THz, confirming the validity of the analytical approach in this region.
Both approaches capture the main resonance frequency and the high-frequency reflective
behavior of the structure. The small discrepancies in the magnitude and the progressive
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mismatch of the phase can be attributed to material dispersion (difference in CST and
our own version of the Kubo formula), and the more realistic treatment of graphene and
dielectric interfaces, which are not fully captured by the simplified assumptions of the
analytical model [9,35]. Overall, the comparison demonstrates that the analytical model
reliably predicts the qualitative first-resonance electromagnetic response of the multilayer
structure, while CST provides further accuracy. The reflection-phase results also show the
same resonant dispersive behavior with phase flips at the resonance frequencies. The slight
difference is expected because the CST includes realistic losses and full wave interactions.
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Figure 9. Reflection (a) magnitude and (b) phase spectra in the infinite graphene monolayer unit
cell configuration; comparison between ECM/TLM and full-wave simulation for graphene chemical
potential at 0.1 eV.

Next, the graphene layer is assumed to be patterned in square patches of width
90% that of the unit cell. The reflection amplitude spectra from the sheet and patch case
are compared in Figure 10 and one can observe that the graphene patch gives higher
reflection amplitude [36,59]. That is because reducing the graphene coverage decreases the
interaction between the incident wave and the conductive surface. The continuous sheet
supports stronger surface currents and higher ohmic and plasmonic dissipation, producing
a deeper resonance and lower |T'|. In contrast, the patch introduces current confinement and
additional capacitive discontinuities, which weaken the effective coupling to the incident
field and increase the surface-impedance mismatch. As a result, the patch absorbs less
energy and reflects more, leading to a shallower reflection dip compared with the uniform
sheet.
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Figure 10. Reflection amplitude for graphene sheet and patch configurations, both assumed at low
chemical potential, . = 0.1 eV.
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The reconfigurable reflection-phase results shown in Figure 11 demonstrate strong and
broadband tunability as the graphene chemical potential is varied from 0.1 eV to 1.0 eV. The
maximum phase tuning is achieved near 1.2 THz and exceeds 240°. Increasing j. shifts the
resonance features to higher frequencies. This behavior arises from the change in graphene’s
complex-valued surface conductivity and its impact on the effective impedance of the
multilayer structure can be understood through the ECM. The smooth phase evolution and
relatively large reflection magnitude confirm the suitability of the design for THz wave
phase-modulated metasurfaces, even without the contribution of VO,. More meticulous
optimization of the dimensions (dielectric material and/or thickness) and graphene patch
shape and placement might further improve the performance.
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Figure 11. Full-wave simulated reflection (a) magnitude and (b) unwrapped phase spectra as the
chemical potential is varied from 0.1 eV to 1 eV, in the graphene-patch configuration without VO,.

3.3. Hybrid Graphene/V Oy Configuration for Independent Reflection Phase and
Amplitude Modulation

In this section, graphene and VO; patches are simultaneously present to investigate
the potential of such hybrid configurations for the independent control of the reflection
amplitude and phase, enabled by the combined tuning mechanisms: changing graphene .
(phase tunability) and /or VO, bulk conductivity (amplitude modulation).

In Figure 12a we present the reflection magnitude spectra when the VO, conductivity
is varied from its insulating state to the metallic state, while the graphene chemical potential
is fixed at 0.5 eV. We observe the reflection amplitude modulation particularly around
the resonance near 1.2 THz. As the conductivity of VO, increases, both the depth and
the spectral position of the reflection minima vary significantly, demonstrating strong
amplitude tunability of the MS. At the resonance position, the reflection magnitude is
almost —30 dB, indicating near-perfect impedance matching and high absorption induced
by the metallic state of VO,. In contrast, when VO; is in the insulating state, the reflection
magnitude is considerably higher, corresponding to a weakly lossy and predominantly
reflective regime. This wide dynamic range in |T| highlights the effectiveness of VO,
as an active amplitude-modulation element in the proposed metasurface design. Also,
maintaining the graphene chemical potential at 0.5 eV results in only marginal changes in
the reflection amplitude, confirming that graphene has a minimal impact on amplitude
modulation under these conditions. One can observe that there exists a critical ovo, at
which full absorption is achieved, in this case 2.5 x 10* S/m. Further increasing ovyo,
reduces the absorption and induces a shift of the resonance frequency. This behavior
highlights an intrinsic limitation of the present design: that the tuning of graphene and
VO; on the EM response—namely the amplitude and phase—are not fully decoupled for
one frequency. In particular, variations of oyo, could lead to more complete coverage
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of the magnitude and phase, as shown below, but possibly not at the same frequency.
This behavior is consistent with the predominantly reactive response of graphene in the
THz regime, where it primarily influences the phase rather than introducing significant
dissipative losses.
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Figure 12. Hybrid graphene/VO; unit cell simulated reflection (a) magnitude spectra as oyo, is
varied with fixed y. = 0.5 eV and (b) phase spectra as j is varied with fixed oyo, = 20 S/m.

In Figure 12b, we present the reflection phase spectra of the hybrid MS unit cell as
graphene ji. is varied from 0.1 eV to 1.0 eV while the VO, patch array (thickness 0.1 pm)
is fixed in its insulating state, i.e., at oyo, = 20 S/m. As p. increases, the resonance
frequency blue-shifts, as indicated by the ZI' = 0 crossing. This behavior originates from
the tunable surface conductivity of graphene, which alters the effective surface impedance
of the metasurface and, consequently, the phase of the reflected wave. The wide and
continuous phase evolution across the considered range of . confirms the strong capability
of graphene to enable dynamic phase modulation in the proposed unit cell. The maximal
reflection phase coverage of 245° at 1.2 THz, when p. = 0.1 — 1 €V, is almost enough to
create a 2-bit (4-state) digital holographic metasurface.

To showcase the full tunability map of the complex reflection coefficient at the hybrid
unit—cell, in Figure 13 we present |T'| and ZT as a function of both y. tuning (horizontal axis)
and oy, tuning (vertical axis) at a fixed operating frequency of 1.2 THz. The magnitude
heatmap in panel Figure 13a shows that there exists one specific combination of control
parameters i, and oy, that leads to perfect absorption (|I'| < —20 dB). On the bright
side, tuning any of the two control parameters can lead to absorption modulation of
over 15 dB. For instance, for a |T| = —20 — —5 dB modulation, one could either toggle
pe = 0.1 = 0.5 eV (at fixed oyo, ~ 10* S/m) or toggle ovo, = 10* — 10° S/m (at fixed
uc = 0.5eV).

The phase heatmap in Figure 13b clearly reveals a monotonic and nearly uniform
phase variation covering 245° along the y. axis for oyo, up to 3500 S/m; low oy, values
are preferable for holographic phase control as |I'| does not fluctuate much as y. is swept.
Now, the absence of noticeable phase variation along the oyo, axis indicates that, in its
insulating state, VO, has a negligible influence on the phase response at this frequency.
This demonstrates that the phase modulation mechanism is effectively decoupled from
VO, and is predominantly governed by graphene. Consequently, graphene serves as the
phase-tuning element, while VO, is reserved for independent amplitude (i.e., absorption)
control in the hybrid metasurface designs. This decoupled behavior is highly advantageous
as it enables independent and flexible control of phase and magnitude within a single MS.
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Figure 13. Hybrid graphene/VO; unit cell simulated reflection (a) magnitude and (b) phase heatmaps
at 1.2 THz as both oy, and y. are varied.

Concluding the hybrid graphene/VO; unit cell performance analysis, in Figure 14 we
evaluate the {ovo,, jic }-reconfigurable reflection at 1.2 THz under oblique 30° incidence,
in both TE and TM planes. The CST simulated results show only slight degradation in
performance, i.e., higher overall absorption (more evident in TM polarization) and a small
reduction in ZI'-coverage. These indicate that the proposed RMS unit cell performance is
robust under oblique illumination in both polarization planes.
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Figure 14. Hybrid graphene/VO, unit cell simulated reflection (a,b) magnitude and (c,d) phase
heatmaps at 1.2 THz as both oo, and y. are varied, under oblique 30° incidence in both (a,c) TE and

(b,d) TM planes.
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4. Discussion and Comparison

As presented in the Introduction, the independent control of the phase and the magni-
tude of the scattered THz wave is desired to implement high-performing multifunctional
and reconfigurable metasurfaces (RMS), enabling wavefront shaping and sensing appli-
cations within a single platform. In this section, we present similar RMS designs and
associated functionalities, with a special emphasis on the material platforms employed
here, i.e., graphene and VO,, and the involved technological complexity.

In [60], the authors used VO, to achieve near-perfect absorption and reflection by
switching conductivity between metallic and dielectric states. In [61], VO, is used to exhibit
dual functionalities of broadband absorption and reflective beam steering by switching from
metallic state to insulator state. In [62], the authors used VO, together with patterned metal-
lic resonators to achieve both broadband and triple narrowband absorption in a simple
3-layer configuration by switching between the metal state and insulator state, respec-
tively [63]. In [64], graphene is used to achieve the same effect as in [62] by controlling the
chemical potential of graphene in a 4-layer design consisting of metal-dielectric-graphene-
dielectric architecture from bottom to top. In [37], graphene was employed to achieve nearly
100% reflection and absorption by reconfiguring the MS response via the chemical potential
of graphene; the 3-layer structure of graphene and silicon over a mirror was analyzed
using both equivalent circuits and simulation; the Authors also achieved both anomalous
reflection and wavefront modulation by controlling a group of unit cells. Phase-modulated
RMS was studied in [65], where a graphene-based MS gave rise to more than 330° phase
modulation in the mid-infrared spectrum. Also, in [66], the authors achieved efficiently
tunable reflective MS consisting of a dielectric substrate sandwiched between a hollow
Z-shaped graphene structure and a ground plane. The phase tuning was achieved by
adjusting the rotation angle of the graphene. In [67], the authors achieved phase shift of
180° by changing the Fermi level based on a graphene hybrid MS. In 2018 [68], the authors
achieved an efficient control of both amplitude (>50 dB) and phase control (>90°) in the
microwave frequencies at 11.8 GHz using a hybrid combination of graphene capacitively
coupled with a split ring resonator (SRR) for radar absorbing materials. In [66], the authors
used multi-layer varactor diodes loaded on metallic patches to achieve full control of phase
and amplitude response. The metasurface operated at 6 GHz. In 2023 [69], the dual ampli-
tude and phase tuning was achieved similarly by an arrangement of two varactor diodes
on the top and a lumped resistor on the bottom layer at a frequency band of 4 to 9 GHz. In
2024 [45], the authors proposed an equivalent circuit approach for independent phase and
amplitude control based on a Floquet modal expansion method [70,71] in the mmWave
frequency band. The amplitude control layer consisted of two monolayer graphene and
an electrolyte layer between them, and the phase control layer consisted of two metallic
patches connected by an ideal varactor diode and a ground dielectric slab.

Both graphene and VO, are used in [72,73] for polarization conversion, triple band, and
dual band absorption. Also, in [74], the authors used integration of a metal patch, graphene,
and VO; to design a programmable coding MS in the THz band capable of switching
between dynamic beam steering and dual-band absorber. In [25], a multifunctional absorber
based on graphene and VO, with band selection capability was designed and analyzed.
Broadband absorption exceeding 90% was achieved when VO, was set as metal and
graphene chemical potential was tuned. Similarly, the authors achieved double narrowband
absorption with VO, in insulator mode and setting graphene y at specific values. Similarly,
broadband and narrowband near-perfect absorption and transmission tuning using both
graphene and VO, was studied in [58,75,76].
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Having reviewed the existing literature, it is evident that substantial potential remains
in the use of hybrid graphene-VO, metasurfaces. Most reported studies employ graphene
and VO, either individually or in hybrid forms, but primarily for amplitude-modulated
applications. Thus, relatively limited investigation was devoted to phase modulation
and independent control, which are essential for enabling more advanced smart radio
environments [77,78]. In Table 2, we compare the unit cell design and methodology outlined
in the present work to some of the similar papers found in the literature to showcase its
comparative advantage in independent and wide control of reflection phase and magnitude.

Table 2. Performance comparison of this work with previously reported graphene- and/or VO,-based

MS unit cell designs.
Ref. Material Number of Operating Modeling Functionality Functionality
Used Layers Frequency Method (Amplitude/Phase) Description
Triple Band/
[62] VO,-Metal 3 THz Simulation Amplitude Broadband
Absorption
[37] Graphene 3 THz Simulation/ECM Amplitude/Phase Reflection/Absorption
Phase Gradient MS.
[66] Metal Patches 5 GHz Simulation/ECM Amplitude/Phase Simultaneous
Phase/Amplitude at
GHz
[67] Graphene-Metal 3 THz Simulation Phase Maximum phase
shift 170°
) Metal-Graphene- . . . Phase gradient
[74] VO, 3 THz Simulation/ECM Amplitude/Phase Coded MS
Absorption/Beam
steering
[18] VOZ—Ph.o'tosensmve 7 THz Simulation Amplitude/Phase B1:oadbar1d Abs.orp—
Silicon tion/Polarization
Conversion
This work VO,-Graphene 5 THz Simulation/ECM Amplitude/Phase Reflection/Absorption

Independent control
—28 dB, 245° at
12 THz

5. Summary and Outlook

In this work, we incorporated graphene and VO, materials in a simple multi-layer
hybrid metasurface unit cell to achieve independent (decoupled) reflection amplitude and
phase modulation of incident THz beams. The tuning of the phase, spanning over 245°,
was achieved by changing the chemical potential of graphene patches sandwiched between
an oxide and a silicon layer; the tuning of the amplitude, from approximately —3 dB to
near-perfect absorption, was achieved by changing the bulk conductivity of an overlying
array of VO, patches.

The proposed configuration resulted in a hybrid unit cell with minimal technological
complexity, which was initially designed using intuitive and efficient all-analytical meth-
ods. The designs were validated and subsequently optimized using full-wave numerical
simulations at the unit-cell level, showing good agreement with the model in the target
zone, around 1.2 THz. The tuning range and performance can possibly be enhanced, or
translated in central frequency, by further optimization.

As future research steps, we envision the study of non-local response (accounting for
inter-cell coupling in heterogeneous RMS configurations), finite-aperture diffraction, and
the multiphysical aspects of the required electro-thermo-optic controls.
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Abbreviations

The following abbreviations are used in this manuscript:
MS Metasurface

RMS  Reconfigurable Metasurface

TSI Tabulated Surface Impedance

ECM  Equivalent Circuit Model

TL Transmission Line
TLM  Transmission Line Model
ITE Impedance Transformation Equation

FSR  Free Spectral Range
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