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Abstract: Metasurfaces, as two-dimensional artificial materials, have revolutionized optics by enabling unprecedented control over light
propagation, with profound implications for sensing, encryption, displays, and computational imaging. This research presents the modeling
and design of a circuit-based metasurface engineered to dynamically generate holographic images within the terahertz (THz) spectrum, thereby
expanding the horizon of practical technological applications. The proposed methodology employs an equivalent circuit model, grounded in
transmission line theory, to represent the THz metasurface. This innovative approach effectively reduces complex electromagnetic interactions
into discrete circuit components, facilitating a highly efficient and intuitive analysis of key performance metrics such as reflection magnitude
and phase shift. A genetic algorithm was subsequently deployed to optimize the critical unit cell parameters including the dimensions of the
graphene ribbons, their periodicity, and the thickness of the dielectric spacer to achieve a full 2 phase coverage at the target operational
frequency of 0.8 THz, a prerequisite for high-fidelity hologram generation. Crucially, the dynamic reconfiguration of the generated THz
holograms is enabled by the integration of temperature-sensitive aerogels, which modulate the metasurface’s optical response. The outcomes
of this optimization are validated through full-wave electromagnetic simulations, which confirm enhanced operational efficiency and
remarkable flexibility. This work underscores the potent synergy of circuit modeling and metasurface technology, paving the way for scalable,
cost-effective, and high-performance active THz devices for next-generation communication and imaging systems.
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1. Introduction

Metasurfaces, sub-wavelength structures with a strong
capability to manipulate light properties such as amplitude, phase,
polarization, and the direction of propagation, have revolutionized
the field of optics by introducing phase discontinuity in the light
propagation and flat optics rather than traditional bulky optics [1, 2].

Holography, as an emerging technique that captures and
reconstructs the light field emitted by an object, has found
applications in various fields including imaging, medical imaging,
and data encryption [3-5]. These applications are highly promising
in the terahertz (THz) region of electromagnetic waves [6—8]. This
comes from the fact that THz gap capability has not yet been
explored. Hence, developing THz structures capable of generating
reconfigurable holograms is highly promising and in demand.
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This work presents a novel thermally tunable THz metasurface for
dynamic holography, uniquely incorporating temperature-sensitive
aerogel spacers with graphene ribbons and optimized via an efficient
equivalent circuit model validated by full-wave simulations. While
[9, 10] predominantly use phase-change materials or spin-
multiplexing with electrical or optical modulation, the proposed
design leverages thermal modulation of aerogel thickness for low-
power, fabrication-compatible tuning. The chosen dimensions and
materials are carefully optimized to achieve full 2 phase control at
0.8 THz and align well with or improve upon reported scales.

This study introduces an innovative strategy for fabricating
dynamic THz holograms through the integration of metasurfaces
with temperature-responsive aerogels, employing circuit-theoretic
modeling approaches. Initially, we elucidate the fundamental
theoretical principles governing THz metasurfaces alongside the
modulatory influence of aerogels on their electromagnetic
characteristics. Subsequently, we outline the circuit model
framework utilized to simulate and optimize the metasurface
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functionality. Validation is conducted leveraging Finite Difference
Time Domain (FDTD) simulations [11, 12], affirming the
feasibility and efficacy of the proposed methodology.

The core problem addressed is the design and modeling of a
dynamically tunable THz metasurface capable of generating
reconfigurable holograms via temperature-induced modulation of a
dielectric spacer’s thickness integrated with graphene elements, which
enables real-time control over amplitude and phase of reflected THz
waves at 0.8 THz. The primary challenge lies in developing a
scalable, cost-effective design and optimization methodology that
accurately predicts the electromagnetic response of such metasurfaces
while reducing computational complexity. We solve this by
introducing an equivalent circuit model (ECM) approach based on
transmission line theory combined with a genetic algorithm for
parameter optimization. This work particularly focuses on leveraging
temperature-sensitive aerogels as tunable spacers, a novel mechanism
distinct from common phase-change materials, demonstrating two-
state hologram generation validated through full-wave simulations.

2. Design

The schematic representation of the designed THz metasurface
unit cell is depicted in Figure 1(a). The structure operates in reflection

mode and incorporates a thick gold layer as the substrate, an acrogel
dielectric spacer serving as the tunable element, and a graphene
ribbon positioned on top. However, generating dynamic
holograms by dynamically altering the thickness of the dielectric
spacer has not been explored.

Simulation points were used to discretize the phase into 12 levels.
The embedded graphene ribbon represents the orientation shift.

The tunability of the described structure is controlled by
temperature-induced changes in the dielectric spacer, rather than
by adjusting the graphene’s Fermi level through a DC voltage, as
shown in Figure 1(b). However, modifying the graphene’s
chemical potential (or Fermi level) electrically offers more
versatile control over the manipulation of THz waves. By
applying different gate voltages, the graphene’s conductivity and
chemical potential can be actively tuned, which in turn allows
independent modulation of both the amplitude and phase of the
reflected THz waves. This electrical tuning provides a flexible and
efficient means to dynamically control THz beam properties,
enabling advanced applications such as beam shaping, sensing,
and communication systems.

While the electrical tuning of graphene enables flexible
dynamic control of THz beam properties and advanced

Figure 1
(a) Schematic of the unit cell design forming the basis of the proposed THz metasurface, (b) tunability mainly achieved by adjusting
dielectric spacer thickness via temperature — graphene Fermi level tuning was held constant in main hologram demonstrations, (c) circuit
modeling based on the transmission line method, and (d) amplitude and phase profiles using Pancharatnum-Berry technique at 0.8 THz
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applications (beam shaping, sensing, communication), it is
acknowledged that this discussion appears somewhat detached
from the core focus of the presented structure, which primarily
achieves dynamic hologram tuning via temperature-induced
changes in the dielectric spacer thickness. While electrical control
of graphene’s Fermi level is mentioned as a known, promising
mechanism in literature, it is not actively exploited in the
simulations [13, 14].

To design the proposed metasurface capable of dynamic phase
modulation, we utilized a genetic algorithm along with circuit
modeling of the elements based on the transmission line method
in the THz spectrum, as illustrated in Figure 1(c).

The electrical conductivity of graphene in the THz band is
primarily described by its intra-band conductivity, which
results from intra-band electron transitions. This intra-band
conductivity can be accurately modeled using the Drude model as
Equation (1) [11].

je’Kg T . 1
intra — Zje . . - + 2In e (1)
h (a) — er) KBT eksT 4 1

where KB is the Boltzmann constant, 7" is the temperature, yc is the
graphene Fermi level, # is the reduced Planck constant, I is the
scattering rate of electrons, and 7 is the electron relaxation time.

The effect of temperature change on the graphene Fermi level in
the THz regime that this device is designed for is not significant and
can be calculated using Equation (1). Hence, we did not consider this
effect in our design.

In this regard, Figure 2 is shown to highlight the negligible
effects of temperature on the graphene conductivity.

Furthermore, the graphene electrical permittivity is described
by Equation (2) [11].

o(w)

e=1+j @)
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In which o is the electrical conductivity of graphene, ¢ is the
graphene thickness and consider 1 nm (equal to 3 atom carbons),
&g free space electrical permittivity, angular frequency.

The consideration of minor effects such as coupling between
layers and the influence of graphene wires in the ECM can indeed
enhance its accuracy and reliability in simulating graphene-based
THz devices. Incorporating these subtle phenomena makes the
ECM more representative of the actual physical behavior,
resulting in more robust and precise predictions [15, 16].

However, it is important to balance the level of detail with
computational efficiency. As the ECM gains complexity by
including more interaction effects, the number of variables and
possible scenarios to explore increases significantly. This places
higher demands on computing resources like CPU power and
memory (RAM), which can limit the speed and practicality of
simulations, especially when hardware capabilities are constrained.

The ECM of graphene ribbons is described by Equation (3)
[11]. Furthermore, Table 1 summarizes constants, and Table 2
tabulates eigenvalues.
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where R, L,, and C, are the equivalent resistance, inductor, and
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Figure 2
Graphene conductivity counterparts versus different temperatures
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This is an important consideration, as the structure is highly
Table 2 res . . PR : :
. ponsive to changes in the refractive index of its environment.
The value of ¢, and based on the geometry of the proposed device Therefore, the operation of the proposed device can be explained
¥ 01 03 05 07 09 through the impedance matching theorem [11].

for Graphene Ribbons: g; ¥ 0.734 0.710 0.658 0.571 0.420

3

permittivity, and g is the free space permittivity. So, D is the period
of ribbons, is the reduced Planck constant, and ¢, is the eigenvalue
and is expressed in Table 2.

To obtain g, physical parameters, such as a, L, W, and D, must
be designed and then referred to Table 2 [11].

Understanding the ECM for each component allows us to
represent device performance using a nonlinear impedance.
Comparing this impedance with that of the surrounding
environment across different frequencies helps clarify the device’s
behavior. Specifically, the total equivalent impedance of the
device is determined by noting that the graphene pattern
impedance is arranged in parallel with the spacer impedance.
Here, the spacer impedance is purely imaginary, while the
impedance of the graphene pattern includes both real and
imaginary components. So, the following equations can be
developed as Equation (4) [11].

ZAU +jZd1 [an(ﬂAeragel X hAerageI)

Zy =24 -
' IZdl +]ZAU tan(,BAemgel X hAerogel)
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Eq:

The core principle of impedance matching is that maximum
power transfer is achieved when the impedances on both sides are
equal. Similarly, optimal wave absorption occurs when the
device’s impedance aligns with that of its surrounding
environment. In free space, this equivalent impedance is typically
120 & Q, though it can change depending on the particles present.
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A comprehensive approach has been adopted to obtain the
reflection and phase profile at the target spectrum of 0.8 THz. To
satisfy the required reflection and phase modulation for creating
two different holograms, we achieved the following parameters
shown in Figure 1(a) and (b): P=22 pm, d=8 pm, A=12 pm,
and hi=18 pm. Also, graphene’s Fermi level, pc, and its
thickness were considered to be 0.1 eV and 0.34 nm, respectively.
We applied the Pancharatnam—Berry technique to achieve the
required phase shifts through adjustments in the geometrical
orientation of the elements, as illustrated in Figure 1(d).

The metasurface design uses an ECM assuming linear
impedance, which neglects nonlinear effects from carrier
saturation, temperature changes, and strong THz fields. These
nonlinearities can shift resonance and affect holographic
performance, reducing model accuracy. While FDTD captures
some nonlinearities, they are not fully addressed. Future
improvements should include nonlinear circuit elements or
experimental data to enhance real-time modeling and ensure
robust, high-performance THz holography under varying power
and temperature conditions [17, 18].

Here, we designed two types of holograms operating at two
different temperatures to create holographic images at distances of
15 and 20 mm, respectively. The phase profiles of the holograms
were obtained using a customized Gerchberg—Saxton algorithm [19,
20]. This algorithm relies on the transmission of light between two
distinct planes, referred to as the hologram plane and the
holographic image plane. Here, we designed a metasurface with a
square size of 7 X 7 mm?. Figure 3 illustrates the chosen images,
simulated holograms, and the obtained phase profiles. It is useful to
mention that the phase profile was translated to the distinguished
unit cell orientation using the points shown in Figure 1(d).

3. Results and Discussion

The paper employs Floquet-port boundary conditions, which
are exploited to achieve the metasurface structure. Floquet port is
exclusively used with planar-periodic structures, where the unit
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Figure 3
Hologram designs: (a, d) target images, (d, e) the simulated
images, and (c, f) the obtained phase profiles

)

(d) (e) ()

cells are defined in the x and y directions and vacuum space in the z-
direction. In the z-axis, a perfectly matched layer (PML) guarantees
no scattering, ensuring accurate results. The infinite structure is
analyzed by studying a unit cell. Linked boundaries usually form
the unit cell’s sidewalls, but a boundary condition is required to
account for the infinite space above. The Floquet port is designed
for this purpose. Boundaries adjacent to a Floquet port must be
linked boundaries. To achieve the desired simulation accuracy, we
select the tetrahedral mesh type with adaptive mesh refinement,
subdividing the structure into a large number of tetrahedrons. To
ensure zero transmission, we use a gold dispersive medium with a
thickness larger than the THz penetration depth.

In this work, the same computer Core i7@512 RAM is used for
both the ECM and FDTD simulations. As simulation results, the
FDTD method takes about 4 hours to complete, while the ECM
development via MATLAM Mfile can generate results in less
than a few seconds (3.4 s).

It should be noted that a genetic algorithm, along with the ECM,
has been employed to ensure that the reflection of the structure does
not decrease at the target spectrum of 0.8 THz. The simulated
holographic images were obtained utilizing a FDTD method with
PML boundary conditions. The excitation source was set using a
Transverse Magnetic (TM) - polarized wave propagating along the
long axis of the graphene ribbon. The normalized electromagnetic
field at
the holographic image planes is shown in Figure 4. Clearly, the
proposed structure has the capability of creating the encoded
information at the designed distance.

Figure 5 presents a systematic study on the impact of varying
the Fermi level of the graphene layer on reflection and phase
profiles. As the Fermi level deviates from the designed nominal

Figure 4
Results of FDTD simulation of the generated holograms when (a) the
aerogel is at room temperature and (b) the aerogel is heated up
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Figure 5
Reflection and phase modulation obtained at different graphene
Fermi levels for the structure with aerogel thickness of (a) h and
(b) hi. The dashed lines are interpolations of the data
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value, the reflection decreases. This reduction in reflectivity is still
sufficient to provide the necessary intensity for image creation.
However, the phase modulation is highly sensitive to changes in
the Fermi level, which prevents the formation of holographic
images. Consequently, the proposed device’s high sensitivity to
the graphene Fermi level can be leveraged for various applications
that exploit this sensitivity. In this study, it is notable that the
dynamic response of the holograms is achieved by maintaining a
fixed Fermi level in the graphene and modulating the humidity,
rather than by varying the graphene’s Fermi level directly.

The temperature change required to achieve two-state
holograms depends on the specific combination of aerogel
materials used [21, 22]. The proposed structure can be
implemented with an aerogel/PDMS (polydimethylsiloxane)
nanocomposite, formed by incorporating aerogel into PDMS to
produce a solution sensitive to temperature fluctuations [23].
Notably, the thickness of this material can be precisely adjusted
by controlling the aerogel-to-PDMS ratio. Although the refractive
index of this temperature-sensitive film changes slightly with
temperature, this variation does not impact the device’s
performance. This is because the designed device achieves phase
modulation through the Pancharatnam—Berry technique.

THz hologram generation offers numerous advantages and has
a wide range of applications in various fields. One of the primary
benefits is its ability to achieve high-resolution imaging and
precise control over electromagnetic wave manipulation, which is
crucial for advanced sensing and imaging technologies. THz
holography can penetrate a variety of non-conductive materials,
making it invaluable for nondestructive testing and inspection in
industries including but not limited to aerospace, manufacturing,
and cultural heritage preservation. Additionally, the non-ionizing
nature of THz radiation ensures safe interactions with biological
tissues, enabling medical imaging and security screening
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applications. The high sensitivity and tunability of THz holographic
systems also allow for dynamic reconfiguration, which is essential
for adaptive optics, data encoding, and secure communication
[24, 25].

4. Conclusion

This study presents the design of a dynamically tunable THz
metasurface for reconfigurable holography by integrating
temperature-responsive aerogel spacers with graphene ribbon
elements and employing circuit-based modeling grounded in
transmission line theory. The equivalent circuit model accurately
predicts electromagnetic behavior, enabling efficient optimization
while reducing reliance on full-wave simulations. Using the
Pancharatnam—Berry phase, the metasurface achieves precise
phase control, demonstrated through high-fidelity holographic
image reconstruction at two distinct temperatures. Full-wave
FDTD simulations validate the approach, while analysis of
graphene’s chemical potential highlights complementary electrical
tunability. The proposed method offers scalable, low-cost, and
lightweight reconfigurability through thermal actuation, with
advantages including enhanced tunability, noninvasive control,
and fabrication compatibility. Compared to electrical gating or
phase-change materials, this introduces a novel thermal tuning
pathway, though slower response times and aerogel handling
challenges remain limitations. The work lays a foundation for
multifunctional THz holography by suggesting integration of
multi-channel tuning, nonlinear effects, and robust materials.
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