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surveillance [8, 9], and landmine detection [10]. Over the 
past two decades, advances in materials science have facili-
tated the development of efficient THz sources and detec-
tors, further underscoring the importance of this frequency 
range. Notable technological breakthroughs include strong 
THz signal generation via time-domain spectroscopy (TDS), 
THz imaging systems, and nonlinear optical effects [11]. 
Consequently, research efforts have increasingly focused 
on two main objectives: (1) achieving high-power THz 
radiation and (2) realizing fast, sensitive THz detection. Our 
previous work has contributed to the advancement of high 
power THz generation techniques [12], while other major 
milestones have been reported in both passive and active 
THz devices [13–18]. With the growing demand for power-
ful sources and recognition of THz technology’s potential 
in advanced physical research and commercial applications, 
far infrared and THz systems have undergone transforma-
tive progress. More recently, THz and infrared technologies 
have expanded into emerging fields such as nanomaterials 
science, biochemistry, and post-5G communications, driven 
by the fact that THz frequencies coincide with the energy 
scales of both individual and collective excitations in nano-
electronics and biomolecular systems. Although compact, 

1  Introduction

The terahertz (THz) region of the electromagnetic spectrum 
remains a relatively underexplored domain, yet it offers 
immense potential for both electronic and photonic appli-
cations. Generally defined as the frequency range between 
0.1 and 10 THz (λ ≈ 3–30 μm) [1], this spectral window has 
enabled significant innovations in medical imaging [2], wire-
less communication [3–5], security screening [6, 7], military 
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Abstract
A high performance terahertz (THz) metamaterial structure based on graphene is presented, exploiting hybrid dielec-
tric graphene resonances to achieve tunable resonance frequencies. Graphene coated mesa metamaterial structures were 
designed and fabricated on a single chip, enabling strong electromagnetic field confinement and tunable response without 
the need for additional metamaterial layers. The proposed architecture provides a compact and efficient platform for tun-
able THz photodetection and opens new possibilities for next generation graphene based plasmonic devices. The meta-
material unit cells were optimized using CST Microwave Studio simulations to operate at target frequencies of 1.1, 0.9, 
and 0.8 THz, respectively. Device fabrication was performed on high resistivity silicon substrates via UV lithography and 
reactive ion beam etching, followed by graphene deposition using chemical vapor deposition (CVD). The electromagnetic 
responses of the fabricated devices were characterized using a continuous-wave THz imaging system. The effects of gra-
phene thickness and Fermi level on the reflection spectra were investigated, and the hybrid dielectric graphene resonance 
modes were qualitatively analysed and compared with the experimental results. By integrating graphene conformally 
onto three dimensional dielectric mesa resonators, enhanced light–matter interaction and tunable hybrid resonances can 
be achieved. The proposed plasmonic enhanced metamaterial detector provides a promising platform for future bio-THz 
sensing applications.
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solid-state devices for THz wave generation, manipulation, 
and detection have been realized, they still face challenges 
in integration, sensitivity, and cost-effectiveness, hindering 
widespread adoption in THz photonics. The THz band also 
exhibits several distinctive properties: THz radiation can 
penetrate many non-metallic, dielectric materials without 
ionization, making it highly suitable for non-invasive medi-
cal diagnostics and security imaging. For instance, THz 
imaging can detect concealed weapons beneath clothing or 
identify early-stage skin abnormalities through molecular 
spectral signatures. Moreover, extending Wi-Fi and wire-
less communication frequencies into the sub THz regime 
(above 100 GHz) could greatly increase data bandwidth; 
however, this advancement depends on the development of 
highly sensitive, low noise THz detectors and scalable, cost-
efficient fabrication methods. At the core of terahertz (THz) 
photodetection and other optoelectronic technologies lies 
the fundamental principle of converting incident photons 
into electrical signals. Consequently, THz photodetectors 
are indispensable in applications such as medical imaging, 
security screening, quality control, and molecular spectros-
copy [19, 20]. One of the principal advantages of THz radia-
tion is its non-ionizing nature: it operates at photon energies 
in the millielectronvolt (meV) range, unlike X-rays, which 
lie in the kiloelectronvolt (keV) regime and pose health 
risks through ionization.

Terahertz (THz) photonics has become a rapidly expand-
ing field bridging quantum optics, materials science, and 
bio photonics. THz radiation, located between the micro-
wave and infrared regions of the electromagnetic spectrum, 
interacts sensitively with low energy molecular vibrations, 
hydrogen bonding, and water absorption in biological 
tissues.

These unique properties make THz waves highly attrac-
tive for label-free, non-invasive imaging and spectroscopy 
of biomolecules, cells, and soft tissues. Consequently, the 
development of efficient, tunable, and miniaturized THz 
detectors is essential for advancing next generation bio pho-
tonic sensing platforms. In this context, metamaterial based 
and plasmonic enhanced detector architectures offer new 
opportunities to achieve strong field confinement, frequency 
selectivity, and high detection sensitivity, which are crucial 
for bio-THz applications.

Beyond imaging and sensing, THz detectors are expected 
to play a pivotal role in the development of next-generation 
THz band wireless communication systems. An ideal THz 
detector should fulfil five essential performance criteria: (i) 
high sensitivity (i.e., low noise-equivalent power, NEP), 
(ii) room temperature operation, (iii) fast photo response, 
(iv) wide dynamic range (from the weakest to the strongest 
detectable signals) and (v) broadband spectral responsivity 
across the THz band. In this context, two dimensional (2D) 

materials have emerged as promising candidates for next-
generation THz photodetectors. Among them, graphene has 
attracted particular attention due to its exceptional electronic 
and optoelectronic properties. Its linear energy momentum 
dispersion enables ultrafast charge transport with a Fermi 
velocity approximately 1/100 that of light. Furthermore, 
graphene exhibits remarkably high carrier mobility (up to 
20,000 cm2 V−1 s−1 at room temperature) making it ideally 
suited for high-speed THz detection. Its atomically thin 
structure also confers an ultra-low volume and heat capac-
ity, beneficial for achieving single-photon sensitivity and 
ultrafast response times.

To exploit these exceptional characteristics in practical 
devices, graphene must be integrated with suitable support-
ing architectures. In this regard, metamaterial structures, 
engineered to manipulate electromagnetic waves in ways 
unattainable by natural materials, have garnered signifi-
cant attention [21–25]. Dielectric based metamaterials are 
advantageous in the THz regime owing to their low intrinsic 
losses, enabling precise tuning of electromagnetic responses 
and enhanced light matter interactions.

Recent advances in graphene integrated metamaterials 
have revealed their immense potential for terahertz (THz) 
photodetection, owing to their ability to support highly tun-
able plasmonic resonances and strong electromagnetic field 
confinement. By coupling the exceptional carrier dynamics 
of graphene with the engineered resonance properties of 
metamaterials, it becomes possible to realize photodetectors 
with enhanced responsivity and spectral selectivity [26–28].

The integration of graphene layers with metallic or 
dielectric frequency selective metasurfaces was initially 
explored in the mid infrared regime [29]. When graphene is 
positioned atop a metamaterial architecture, a pronounced 
shift in the transmission dependent spectral response 
emerges as a consequence of the strong electromagnetic 
coupling between the conductive graphene layer and the 
underlying passive photonic resonators. In the terahertz 
(THz) frequency domain, hybrid metamaterial graphene 
platforms have been proposed for the realization of ultra 
sensitive detectors, wherein dynamic tunability is achieved 
through modulation of graphene’s Fermi energy [30]. Sub-
sequent theoretical investigations have introduced tunable 
dielectric metamaterial resonator configurations patterned 
directly on graphene surfaces for THz operation. These res-
onators exhibit polarization insensitive behavior and wide 
angle robustness, enabling both broadband and dual band 
absorption characteristics. Such properties render the pro-
posed architectures particularly suitable for advanced appli-
cations, including high-resolution sensing, THz imaging, 
and active modulation [31].

In 2018, a pioneering theoretical study demonstrated 
that graphene itself can be engineered into a metamaterial 
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platform capable of ultra-sensitive detection through the 
excitation of multiple plasmonic resonance modes [32]. In 
this approach, compact three dimensional dielectric prism 
like structures were conformally coated with graphene, 
thereby forming a three dimensional graphene-based meta-
material operating within the 2–6 THz frequency range. 
Numerical simulations revealed the emergence of three 
distinct absorption resonances with absorption efficiencies 
exceeding 95%. The principal novelty of this work lies in 
transforming three dimensional dielectric architectures into 
functional metamaterials via graphene coating, as opposed 
to integrating graphene onto prefabricated planar metamate-
rial surfaces. Moreover, active tuning of the graphene Fermi 
level enabled precise control over the resonance frequen-
cies, with the corresponding resonance sensitivity surpass-
ing that of previously reported metamaterial-based sensing 
platforms.

Experimentally, various graphene/metamaterial hybrid 
architectures have been reported, including metallic split-
ring resonators and periodic dielectric arrays, which signifi-
cantly improve light matter interactions in the THz domain 
[33–36]. Nevertheless, most of these designs rely on planar 
or multilayer configurations where graphene is transferred 
onto pre-patterned metamaterial surfaces, often leading to 
fabrication challenges, poor adhesion, and reduced coupling 
efficiency. To overcome these limitations, experimental 
efforts are increasingly focused on developing more robust 
and scalable integration techniques that can enhance the 
electromagnetic interaction while maintaining device sim-
plicity and reproducibility.

The incorporation of metamaterial resonators signifi-
cantly enhances local electromagnetic field confinement 
and resonance quality, thereby amplifying light matter 
interaction within the graphene layer. Strong plasmonic 
coupling in hybrid metamaterial systems leads to elevated 
carrier densities in the absorption region, resulting in 
markedly improved responsivity and detection sensitivity. 
Furthermore, the spectral tunability of hybrid plasmonic 
modes enables spectrometer-free detection schemes, while 
the monolithic integration of metamaterials facilitates the 
development of compact, low cost, and high performance 
sensor platforms.

Despite the demonstrated advantages of graphene plas-
monic metamaterial hybrids in achieving fast response 
times, high sensitivity, and scalable fabrication, two criti-
cal challenges remain unresolved: the reliable integration 
of graphene with subwavelength metamaterial elements 
and the precise, active control of graphene’s electronic and 
optical properties to modulate the overall electromagnetic 
response of hybrid plasmonic devices. Addressing these 
challenges necessitates a paradigm shift toward alterna-
tive detector architectures, rather than conventional hybrid 

designs in which metamaterial structures are integrated as 
post fabrication components.

This study presents graphene integrated dielectric meta-
materials specifically designed for THz photodetection 
applications. In contrast to conventional planar or multilayer 
graphene metamaterial systems, this work focuses on the 
integration of monolayer graphene with three-dimensional 
dielectric mesa structures.

The novelty of the approach lies in the mesa type geom-
etry and its interaction with graphene, rather than in the 
graphene transfer process itself. This approach enhances 
the interaction between THz waves and graphene, while 
preserving device simplicity and integrity. It should be 
emphasized that the graphene transfer process itself fol-
lows well established procedures; the primary contribu-
tion of this work is the demonstration of optically tunable 
terahertz response enabled by the three-dimensional mesa 
dielectric metamaterial architecture. The proposed structure 
is not intended to support isolated graphene plasmon polari-
tons, which typically require nanoscale graphene patterning. 
Instead, the novelty lies in the three dimensional integration 
of a continuous graphene layer with dielectric silicon mesa 
resonators, forming a hybrid graphene dielectric metasur-
face in the sub THz/THz regime. The silicon mesas support 
Mie type and cavity modes, while graphene acts as a tunable 
conductive surface that modulates the resonance strength 
and damping via its frequency dependent surface conductiv-
ity. The observed resonances are therefore hybrid dielectric 
graphene modes dominated by silicon mesa cavities rather 
than pure graphene plasmons. The results demonstrate that 
the proposed device structure exhibits strong absorption, 
minimal reflection, and broadband operation across the THz 
spectrum.

2  Experimental

2.1  Design and fabrication of mesa materials

2.1.1  Numerical design and CST simulation of graphene 
integrated THz metamaterials

The design and optimization of terahertz (THz) mesa struc-
tures were conducted using CST Microwave Studio, a com-
prehensive electromagnetic simulation platform capable of 
modelling wave matter interactions in both time and fre-
quency domains. CST provides critical insights into reso-
nance behaviour, absorption efficiency, and overall device 
performance, making it particularly suitable for metama-
terial based THz applications. The simulation model uti-
lized materials selected from CST’s built in library and 
defined within the software environment. The mesa-type 
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employed as the excitation source, with the electric field 
polarized along the x-direction and the magnetic field along 
the y-direction, ensuring that the induced surface currents 
and plasmonic resonances were effectively coupled to the 
graphene layer.

The frequency domain solver was selected for its ability 
to accurately capture steady-state electromagnetic behav-
iour across the THz spectrum. The simulation frequency 
range was set between 0.4 and 1.5 THz, encompassing the 
designed resonance frequencies. A fine adaptive mesh was 
used around the graphene and silicon interface to ensure con-
vergence and precise calculation of localized field enhance-
ments. From the simulated reflection parameter (S11), the 
absorption (A) spectrum was calculated using the relation

A (ω) = 1− |S11|2 ,

assuming negligible transmission due to the gold back 
reflector. The resulting absorption peaks correspond to the 
resonant modes of the graphene integrated dielectric meta-
material structure.

The graphene layer was modelled using the Drude con-
ductivity model, which effectively captures the intraband 
carrier dynamics in the THz regime. The surface conductiv-
ity of graphene, σ(ω), was defined as

σ (ω) =
(
e2EF

)
/

(
πℏ2)

× 1/ (τ − iω)

 
where EF is the Fermi level, τ is the carrier relaxation 

time, e is the elementary charge, ħ is the reduced Planck 
constant, and ω is the angular frequency. The Fermi level 
was set to 0.6  eV, and the carrier relaxation time to 0.5 
ps, consistent with room temperature measurements for 

metamaterial structure consists of patterned graphene, pat-
terned silicon mesas, a silicon substrate, and a gold back 
reflector. The structure was analysed using the frequency-
domain solver under unit cell boundary conditions, allow-
ing accurate characterization of the periodic response. 
During numerical analyses, S11 (reflection) parameters were 
extracted to evaluate resonance performance. Mesa dimen-
sions were optimized for target resonance frequencies of 
0.8, 0.9, and 1.2 THz, corresponding to lateral dimensions 
of 115 μm × 115–135 μm × 135 μm, 86 μm × 86–101 μm 
× 101 μm, and 70 μm × 70–90 μm × 90 μm, respectively. 
Prior to fabrication, detailed simulations were conducted to 
study the effects of mesa height, unit cell spacing, and layer 
thickness on resonance performance.

For the periodic metasurface structures, the unit cell 
geometry was defined using two parameters: the mesa size 
a and the lattice periodicity b, as illustrated schematically in 
Fig. 1. For the target resonance frequencies of 1.2, 0.9, and 
0.8 THz, the mesa dimensions a were set to 70 μm, 86 μm, 
and 115 μm, respectively. The corresponding unit-cell peri-
odicities b were chosen as 90  μm, 101  μm, and 135  μm. 
Accordingly, the unit-cell sizes were 70 × 90 µm2 (1.2 THz), 
86 × 101 µm2 (0.9 THz), and 115 × 135 µm2 (0.8 THz). The 
metasurfaces were fabricated on a silicon substrate with a 
thickness (tₛ) of 200 μm, relative permittivity εr = 3, relative 
permeability µr = 1, and loss tangent tan δ = 0.01. The mesa 
height is denoted as tₘ, as shown in Fig. 1. A 200 nm thick 
gold film was deposited on the backside of the substrate to 
serve as a reflective layer.

In the simulation setup, periodic boundary conditions 
were applied along the x- and y-axes to represent an infinite 
periodic array of unit cells, while open (add space) bound-
aries were used along the z-axis to allow free space propa-
gation of THz waves. A normally incident plane wave was 

Fig. 1  a Three-dimensional schematic illustration of the proposed 
metasurface unit cell, showing the lateral mesa dimension a, unit cell 
periodicity b, mesa height tₘ, and substrate thickness tₛ. b Cross sec-

tional side view of the unit cell illustrating the layered structure con-
sisting of the graphene layer, silicon mesa structure fabricated on a 
high resistivity (HR) silicon substrate, and a 200 nm thick Au reflector
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ammonium persulfate (APS) solution (0.1  M) until com-
plete removal of the metal layer was achieved. The PMMA/
graphene film was carefully rinsed several times with deion-
ized water to eliminate residual etchants and subsequently 
transferred onto the target patterned substrate.

After the transfer process, the sample was dried at room 
temperature for 12 h to promote conformal contact between 
the graphene and the underlying microstructure surface. 
The PMMA support layer was then dissolved by immersing 
the sample in an acetone bath for 1 h, followed by rinsing 
with isopropyl alcohol (IPA) and drying under a nitrogen 
stream. Raman spectroscopy and optical microscopy were 
employed to confirm the integrity and uniformity of the 
transferred graphene layer. Finally, a thin gold (Au) film 
with a thickness of 200 nm was deposited on the backside 
of the substrate by thermal evaporation to provide optical 
reflectivity enhancement. The complete structure was then 
annealed at 200 °C for 30 min under a nitrogen atmosphere 
to improve the interfacial adhesion and electrical conductiv-
ity between layers.

The fabricated metamaterial samples were characterized 
to verify their structural integrity, surface morphology, and 
optical performance. The surface topology and microstruc-
tural features of the patterned mesa structures were exam-
ined using field-emission scanning electron microscopy 
(FE-SEM, JEOL JSM-7001 F). Raman spectroscopy (Ren-
ishaw in Via, 532 nm excitation) was performed to confirm 
the monolayer nature and crystalline quality of the graphene 
film, with the G and 2D band intensities analysed to assess 
layer uniformity and defect density. The optical and electro-
magnetic responses of the metasurfaces were investigated 
using a CW terahertz system operating in the 0.3–0.8 THz 
range. The experimental results were compared with the 
numerical simulations obtained from the frequency-domain 
solver in CST Studio Suite to validate the design accuracy.

Figure 2 presents the SEM images of the fabricated mesa 
type metamaterial structures at different magnifications. 
The overall morphology demonstrates a highly uniform 
and periodic array of square shaped resonators successfully 
formed after the fabrication process. At low magnification, 
the large area uniformity and well defined periodic pat-
tern indicate the effectiveness of the lithography and etch-
ing parameters in transferring the designed structure onto 
the substrate. Higher magnification images reveal that the 
mesas possess sharp and smooth edges without noticeable 
deformation or surface defects, confirming the high accu-
racy of the fabrication process. The lateral dimensions of the 
square features are approximately 68–70 μm, which closely 
match the design values.

This dimensional accuracy ensures consistent electro-
magnetic behaviour across the structure and is crucial for 
achieving the intended resonance characteristics of the 

CVD-grown graphene. The graphene layer was treated as 
1 nm thick to maintain accurate electromagnetic coupling 
while minimizing computational load. Following the simu-
lation stage, the optimized designs were experimentally fab-
ricated and characterized to validate the predicted optical 
response and tunability, demonstrating their suitability as 
optically tunable THz metasurfaces with potential applica-
tions in photodetection.

2.2  Fabrication process of mesa metamaterials

The fabrication of the mesa structures was carried out using 
the geometrical parameters determined through simulations. 
The mesa metamaterial structures were successfully fabri-
cated on the surface of high resistivity (HR) silicon wafers 
for the corresponding frequencies using photolithography 
and ion beam etching techniques. The microstructural fea-
tures and resonance frequencies of the surfaces were real-
ized in accordance with the optimum unit cell parameters 
and mesa heights determined from the numerical analyses.

A negative photoresist (AZ5214E) was spin coated onto 
the thin film substrates at 3000  rpm to achieve uniform 
thickness. The coated substrates were subsequently soft 
baked on a hotplate at 110 °C for 90s to remove residual sol-
vents. The desired chiral patterns were defined by exposing 
the photoresist coated substrates to ultraviolet (UV) light for 
20s through a pre-designed photomask. A developer solu-
tion consisting of 100 mL of deionized water and 0.8 g of 
NaOH was prepared to selectively dissolve the UV exposed 
regions of the photoresist. The samples were immersed in 
the developer for 20s to remove the developed areas, fol-
lowed by rinsing with deionized water and drying under a 
nitrogen stream. The unexposed photoresist regions, pro-
tected by the photomask, were then hard baked at 110 °C 
for 30 min to ensure complete curing and adhesion. Prior to 
pattern transfer, the ion beam etching (IBE) chamber was 
evacuated to a base pressure of 3.0 × 10−6 Torr using a two-
stage pumping system consisting of a roughing pump and a 
turbomolecular pump (TMP). During the etching process, 
argon gas was introduced at a controlled flow rate of 30 
sccm to generate a stable plasma for anisotropic material 
removal.

Following the lithography and etching processes, gra-
phene was transferred onto the patterned mesa structures 
to enable tunable plasmonic functionality. Monolayer gra-
phene synthesized via chemical vapor deposition (CVD) on 
a copper foil was utilized as the active material. The transfer 
process employed a polymethyl methacrylate (PMMA)-
assisted wet transfer method. A thin PMMA layer was first 
spin-coated onto the graphene/copper substrate and subse-
quently baked at 100 °C for 2 min to enhance adhesion. The 
underlying copper foil was then etched using an aqueous 
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a continuous-wave terahertz (CW-THz) system at İzmir 
Institute of Technology (İYTE). The experimental setup 
integrates a frequency-tunable THz source, an RF function 
generator, a frequency counter, and a VDI WR1.5 AMC 
(Virginia Diodes, Inc. WR1.5 Amplified Multiplier Chain), 
capable of generating THz radiation in the 0.500–0.750 
THz frequency range. Sample positioning is facilitated by 
a precision x-y translation stage driven by stepper motors, 
controlled via Leadshine drivers and MC USB201 control-
ler. The stage movement is automated through a LabVIEW 
interface, enabling accurate scanning along both axes. THz 
waves emitted from the WR1.5 AMC source are modulated 
at 15 Hz with a 2.5 V peak-to-peak TTL signal generated 
by a Stanford Research Systems DS335 function generator.

The beam is focused using a Teflon lens with a 10 cm 
focal length to optimize the incident power on the meta-
surface samples. To reduce undesired emissions, the source 
is equipped with a cross-horn antenna ensuring directional 
radiation. Samples measuring 8 × 8 mm2 were mounted 

metamaterial array. The clean and uniform morphology also 
indicates good adhesion between layers and minimal pro-
cess induced damage, demonstrating the reliability of the 
employed fabrication method (Fig. 3).

The Raman mapping scan was performed using a Ren-
ishaw Raman microscope with a 532  nm excitation laser 
under ambient conditions. The line-scan map (10  μm in 
length) shows consistent graphene Raman features along 
the scanned region, indicating good spatial uniformity of 
the film. The dominant 2D band with minimal variation 
across the scan further confirms the monolayer nature of the 
graphene.

2.3  Experimental setup for THz measurements

  
Figure 4 illustrates the schematic of the terahertz 

(THz) measurement setup [24]. The characterization of 
the fabricated mesa metamaterials was performed using 

Fig. 2  SEM images of the mesa metamaterial structures taken at different magnifications after the fabrication process
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metasurface samples to evaluate their THz response. This 
setup provides high sensitivity and spatial resolution for 
detailed characterization of THz metamaterials, enabling 
comprehensive analysis of their frequency dependent elec-
tromagnetic properties.

3  Results and discussion

3.1  Design and simulation of mesa metamaterials

Simulated reflection spectra of the metamaterial absorber 
for different mesa thicknesses (values indicated in the leg-
end) is given in Fig. 5. It is clearly seen that the thickness 
controls the resonant impedance and loss balance, leading 
to systematic shifts in the reflection minimum and changes 
in absorption bandwidth. The results indicate that while the 
resonance frequency remains nearly constant around 0.9 
THz, the resonance intensity exhibits a clear dependence on 
the pillar thickness. The strongest resonance is obtained for 
t = 6.96 μm, suggesting optimal coupling between the gra-
phene layer and the underlying Si mesa. Both thinner and 
thicker structures exhibit reduced resonance depth, which 
can be attributed to impedance mismatch and weaker plas-
monic confinement.

These results confirm that fine tuning the mesa thickness 
is essential for achieving strong and high quality resonant 
behaviours in the designed metasurface structure. While 
the resonance frequency remains nearly fixed, increasing 
mesa thickness systematically broadens the low reflection 
bandwidth and deepens the minimum. This is attributed to 
enhanced modal overlap and increased dissipative loss in 

on the translation stage to allow normal incidence of the 
beam onto the metasurface. The reflected THz signal was 
collected by a Golay cell detector, with signal amplification 
and lock-in detection carried out using a Stanford Research 
Systems 830 lock-in amplifier. The beam diameter was set 
to approximately 44 mm, providing sufficient coverage of 
the sample surface. Optical alignment was critically per-
formed using 90° off-axis parabolic mirrors, ensuring mini-
mal signal loss by maintaining precise mechanical and focal 
alignment between the THz source, scanning stage, and 
Golay detector. Initial x-y scans were conducted to confirm 
sample positioning before spectral measurements. Spectral 
data were collected by sweeping the THz frequency from 
500 GHz to 750 GHz in 1 GHz increments. Baseline mea-
surements were performed to characterize the ambient air 
spectrum, followed by systematic measurements of the 

Fig. 4  Schematic view of the experimental setup [24]

 

Fig. 3  Three dimensional Raman 
line scan mapping of monolayer 
graphene acquired along the 
dashed red line shown in the inset 
optical image
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interfaces. The back gold layer acts as a reflector, reinforc-
ing field confinement inside the mesa without directly con-
tributing to plasmonic excitation.

A comparison between the two geometries indicates that 
smaller mesa dimensions lead to higher peak electric field 
intensities, consistent with stronger electromagnetic con-
finement. These observations confirm that the dominant 
resonance is a dielectric cavity (Mie-type) mode modu-
lated by the presence of graphene, rather than a pure gra-
phene plasmon. Figure 6 provides the numerical basis for 
interpreting the experimental results shown in Figs.  7, 8, 
9 and 10. The simulations demonstrate how variations in 
graphene conductivity and silicon mesa geometry affect the 
resonance depth and spectral response of the metasurface. 
The experimental spectra in Figs. 7, 8, 9 and 10 correspond 
to fabricated samples with mesa dimensions consistent with 
the simulated designs. Although graphene modulation is 
achieved experimentally via laser induced photothermal 
effects rather than electrostatic gating, the resulting changes 
in resonance strength and damping follow the same conduc-
tivity dependent trends predicted by the simulations.

The absolute resonance frequencies obtained from simu-
lations are expected to differ from the experimental values 
due to simplified material models and idealized excitation 
conditions; however, the simulations reliably capture the 
underlying mode structure and tuning trends.

Figure 7 presents the THz reflection spectra of the unpat-
terned and mesa metamaterial samples in the 500–750 GHz 
range. In Figs. 7, 8, 9 and 10, the reflected signals are pre-
sented as normalized reflection intensity rather than abso-
lute reflectance, as obtained from the CW THz measurement 

the resonator, which flattens the reflection dispersion around 
resonance. The resulting absorber is less sensitive to fabri-
cation tolerances and frequency drift.

These trends are consistent with the LC resonant nature 
of the metasurface and cavity effects between the patterned 
layer and ground plane: modifying mesa thickness tunes 
the effective inductance/capacitance and the optical path, 
thereby controlling impedance matching to free space and 
the loss balance that handle absorption.

Figure 6a, b illustrates the effect of graphene’s Fermi 
energy and Si mesa geometry on the reflection characteris-
tics (S₁₁) of the proposed unit cell. Variation of the graphene 
Fermi energy primarily modulates the resonance strength 
and damping, whereas the resonance frequency remains 
nearly unchanged due to the dominant role of the dielectric 
mesa geometry. This behaviour originates from the modu-
lation of graphene’s surface conductivity, which directly 
influences the plasmonic resonance within the hybrid meta-
surface. The graph further reveals that varying the mesa 
thickness also affects the resonance strength and position, 
indicating that both geometrical and electrical parameters 
can be used to dynamically control the terahertz response. 
These results demonstrate the potential of combining tun-
able materials and geometrically engineered designs to 
achieve broadband and reconfigurable polarization control 
in the terahertz regime.

Figure 6c and d show the simulated electric field dis-
tributions at the resonance frequencies for different mesa 
dimensions. In both cases, the electric field is strongly 
localized within the silicon mesa cavities and is particularly 
enhanced near the mesa edges and graphene–semiconductor 

Fig. 5  a CST simulation model of the unit cell structure consisting of a 
graphene layer, 86 × 86 μm mesa pillar, 101 × 101 μm mesa pillar, and 
a gold layer, shown for different mesa pillar thicknesses (t = 3.57 μm, 
6.96 μm, 10.36 μm, and 13.75 μm) as designed in the program inter-

face, b S11 simulation results of the unit cell structure composed of a 
graphene layer, 86 × 86 μm mesa pillar, 101 × 101 μm mesa pillar, and 
a gold layer, obtained for different mesa pillar thicknesses (t = 3.57 μm, 
6.96 μm, 10.36 μm, and 13.75 μm)
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Fig. 8  THz reflection spectrum measured between 500 and 750 GHz 
for a mesa pillar structure (85 μm × 85 μm) integrated with monolayer 
graphene

 

Fig. 7  The THz reflection spectra of the unpatterned graphene/Si/Au 
reference sample and the samples with different mesa heights, mea-
sured in the frequency range of 500–750 GHz, are presented on the 
same graph

 

Fig. 6  a S11 simulation results of the unit cell structure composed of 
a graphene layer, 115 × 115 μm mesa, 135 × 135 μm mesa, and a gold 
layer, obtained for different Fermi energy levels of graphene at a fixed 
mesa thickness (t = 22.81 μm). b S11 simulation results of the unit cell 

structure composed of a graphene layer, 70 × 70 μm mesa, 90 × 90 μm 
mesa, and a gold layer, obtained for different Fermi energy levels of 
graphene at a fixed mesa thickness (t = 17.42 μm). c and d show the 
simulated electric field distributions at the resonance frequencies
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structure. The reference monolayer graphene exhibits neg-
ligible reflection across the spectrum, confirming its strong 
absorption capability. In contrast, introducing silicon mesa 
pillars significantly modifies the resonance behaviour. As 
the mesa height increases from 1.0 to 4.0  μm, the reflec-
tion magnitude increases and pronounced resonance peaks 
emerge, particularly around 600–640  GHz. This trend 
indicates that thicker mesas enhance cavity effects and 
modify the effective optical path length, leading to stron-
ger impedance mismatch with free space. While lower mesa 
heights (1.0–1.2 μm) provide relatively broadband, moder-
ate reflection, higher pillars (2.5–4.0  μm) introduce sharp 
resonant features with higher reflection amplitude, which 
can be attributed to increased modal confinement and stron-
ger Fabry Pérot like resonances within the pillar-substrate 
cavity.

These observations confirm that pillar thickness is a key 
parameter for tailoring the reflective and absorptive proper-
ties of the structure for THz applications.

Figure 8 presents the reflection spectrum of a monolayer 
graphene sheet transferred onto a mesa metamaterial struc-
ture under laser excitation. The structure was illuminated 
with a continuous-wave laser at a wavelength of 915 nm and 
a power of 50 mW. Under 50 mW continuous wave laser 
illumination, graphene experiences a moderate photother-
mal temperature rise (on the order of several tens of kelvin), 
which primarily modifies its complex surface conductivity 
through enhanced carrier–phonon scattering and thermal 
carrier redistribution. Such conductivity modulation is suf-
ficient to induce the observed changes in resonance depth 
and reflection amplitude, without requiring a large shift in 
the graphene Fermi level.

The observed spectral modulation under laser illumi-
nation originates from photothermal effects in graphene, 
which modify its surface conductivity rather than provid-
ing direct electrostatic control of the Fermi level [37–39]. 
Compared to the unexcited state, a small but detectable red-
shift of the resonance minimum is observed in the 0.6–0.75 
THz frequency range. This spectral modulation is attributed 
primarily to optically induced photothermal effects in gra-
phene, which modify the carrier temperature and scattering 
rate, leading to changes in its complex surface conductivity.

The resulting conductivity modulation alters the plas-
monic resonance conditions of the hybrid graphene–mesa 
metamaterial, giving rise to tunable reflection behaviour. 
In addition to the frequency shift, an increase in the reso-
nance depth and reflection contrast is observed under laser 
illumination, indicating enhanced light matter interaction 
between the graphene layer and the underlying mesa meta-
surface. These results demonstrate that optical excitation 
provides an effective and reversible approach for dynamic 
tuning of terahertz reflection properties in graphene-based 

system. The mesa metamaterial samples exhibit distinct 
reflection dips compared to the unpatterned surface, indi-
cating resonance formation. A redshift in the resonance 
frequency with increasing mesa height suggests enhanced 
field confinement and an extended optical path within the 

Fig. 10  THz reflection spectrum measured between 500 and 750 GHz 
for a mesa pillar structure (70 μm × 70 μm) integrated with monolayer 
graphene, obtained at room temperature and under laser illumination 
(plotted on the same graph)

 

Fig. 9  THz reflection spectrum measured between 500 and 750 GHz 
for a mesa pillar structure (115 μm × 115 μm) integrated with mono-
layer graphene, obtained at room temperature and under laser illumi-
nation (plotted on the same graph)
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which can be attributed to enhanced field confinement and 
extended optical path length within the mesa–substrate 
cavity. Integration of monolayer graphene onto the mesa 
metamaterial surface further enhances the light matter 
interaction. Despite its atomic thickness, graphene exhibits 
strong coupling with the localized THz fields, resulting in 
tunable reflection spectra. Under laser illumination (915 nm, 
50 mW), the reflection resonances exhibit a noticeable red-
shift and amplitude enhancement, originating from pho-
tocarrier generation and thermally induced modulation of 
the Fermi level in graphene. These effects demonstrate the 
dynamic control of the plasmonic response through optical 
excitation, confirming that the hybrid mesa structures act as 
optically reconfigurable THz elements.

In addition to the localized resonances supported by the 
silicon mesa structures, the experimental spectra in Figs. 7, 
8, 9 and 10 exhibit weak oscillatory features that can be 
attributed to Fabry–Pérot type interference within the sili-
con substrate and the mesa substrate cavity. These oscilla-
tions arise from multiple internal reflections between the 
mesa layer and the gold back reflector and are enhanced by 
the high refractive index and finite thickness of the silicon 
substrate. The combination of geometrical tunability and 
optically induced modulation highlights the potential of 
these structures for THz bio photonic applications. Since 
THz radiation is highly sensitive to molecular vibrations, 
hydration levels, and biological tissue composition, the 
demonstrated platform can serve as a basis for label free 
sensing and real time bio-diagnostic systems. The strong 
field localization within the mesa cavities and the optical 
tunability provided by graphene make this architecture a 
promising candidate for next generation active, reconfigu-
rable THz bio photonic devices. The terahertz reflection 
characteristics of the fabricated mesa metamaterial struc-
tures were systematically investigated as a function of mesa 
height, lateral dimensions, and graphene integration. As 
shown in Figs.  7, 8, 9 and 10, the introduction of silicon 
mesa pillars significantly modifies the spectral response 
compared to the unpatterned graphene reference, leading 
to the emergence of distinct resonance features within the 
500–750 GHz frequency range. Increasing the mesa height 
results in a gradual redshift of the resonance frequency and 
an enhancement of the reflection amplitude, which can be 
attributed to stronger electromagnetic field confinement and 
an extended effective optical path length within the mesa 
substrate cavity. Variations in the lateral dimensions further 
influence the resonance sharpness and spectral position by 
modifying the modal distribution and cavity conditions. The 
integration of monolayer graphene onto the mesa metama-
terial surface enhances the light matter interaction despite 
its atomic thickness. Under optical excitation (915 nm, 50 
mW), all graphene-integrated structures exhibit consistent 

metasurfaces, highlighting their potential for reconfigu-
rable terahertz devices and active photonic components. 
The observed spectral modulation under laser illumina-
tion is consistent with previously reported behavior in gra-
phene based hybrid metasurfaces, where optically induced 
conductivity enhancement leads to a small redshift of the 
resonance frequency and concurrent changes in resonance 
strength [40].

Figure 9 presents the reflection spectrum of the laser 
excited mesa metamaterial structure integrated with mono-
layer graphene. Experimental results revealed that gra-
phene-based mesa metamaterial structures exhibit tunable 
optoelectronic properties when illuminated by a laser beam 
[37]. The measurement results demonstrate that graphene 
coated metamaterial structures are promising candidates for 
dynamically controllable THz devices operating at room 
temperature [38, 39]. In addition, a reduction in the scat-
tering mechanism was observed under laser illumination, 
which was attributed to the change in the plasmonic behav-
iour of the graphene layer upon optical excitation [40]. The 
higher experimental reflection values compared to numeri-
cal simulations can mainly be attributed to the ideal plane 
wave model used in the simulations, which does not fully 
represent the focused beam conditions of the experimental 
setup, as well as to micron scale alignment errors that may 
occur during the microfabrication process. These discrep-
ancies should be considered as important parameters when 
comparing simulation and experimental results.

Measurements performed on the mesa structure with 
dimensions of 70 μm × 70 μm revealed distinct resonance 
peaks in the frequency range of 500–750 GHz (Fig. 10). The 
reflection spectra obtained at room temperature indicate that 
the monolayer graphene exhibits strong electromagnetic 
interaction despite its single-atomic thickness. After laser 
illumination, a slight frequency shift of the resonance peak 
and an increase in reflection amplitude were observed. This 
behaviour is attributed to the thermally induced excitation 
caused by laser illumination, which increases the carrier 
concentration in the graphene layer and shifts its Fermi 
level upward. The measured spectrum confirms that the 
mesa geometry at this scale effectively supports plasmonic 
resonances.

The THz reflection characteristics of the fabricated mesa 
metamaterial structures were systematically investigated as 
a function of mesa height and lateral dimensions. As shown 
in Figs. 7, 8, 9 and 10, the introduction of silicon mesa pil-
lars strongly modifies the spectral response compared to 
the unpatterned substrate, leading to the appearance of dis-
tinct resonance features within the 500–750 GHz frequency 
range.

Increasing the mesa height results in a redshift of the res-
onance frequency and an increase in reflection amplitude, 
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plasmonic systems suitable for advanced applications in 
spectroscopy, communication, imaging, and sensing. Owing 
to its sensitivity to optical stimuli and strong field localiza-
tion, the proposed structure can be potentially extended to 
label free biological sensing, molecular fingerprinting, and 
real time diagnostic systems operating in the THz regime. 
Future work will focus on optimizing the mesa geometry 
and graphene doping level to further enhance modulation 
depth and response speed, enabling integration into compact 
THz devices.
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