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Abstract

Research in the terahertz (THz) band, which is broadly defined as 0.1-10 THz, is an
active area of research driven by applications in sixth generation (6G) and beyond
for communications, spectroscopy, imaging, and sensing. In order to exploit the
full potential of all these applications, fast integrated circuitry is required. This
work revolves around removing this bottleneck. Achievement of efficient dynamic
modulation requires the implementation of active material. Amongst many different
approaches to achieve active modulation, metamaterials/graphene-based technology
is establishing itself as a benchmark for THz operation due to its versatility, power
efficiency, small footprint, and integration capabilities. Our devices have been
modulated all-electronically, as described in Chapters 4 and 6, and all-optically as
reported in Chapter 5.

The fabrication of the novel design based on metamaterial (MM) and graphene
for amplitude, phase, and polarization modulations is reported in Chapter 3.
The optoelectronic behaviour of this modulator is tested in a THz time-domain
spectroscopy (THz-TDS) setup as demonstrated in Chapter 4. By choosing the
appropriate THz-TDS setup configuration, a spectral amplitude extinction ratio of
>10 dB (>93%) at the resonant frequency of 0.8 THz is demonstrated. The spectral
phase of THz radiations is actively tuned by >27o at 0.62 THz frequency. Linear to
circular polarization conversion with nearly 100% of conversion efficiency is reported
demonstrating almost an independent control of circular dichroism (CD) and optical
activity (OA) as mentioned explicitly in Chapter 6. Dynamic changes of ellipticity are
reported to exceed 0.3 in ratio at resonance. The OA of transmitted THz radiations
is continuously rotated by >21.5o at 0.71 THz by varying the gate. These values are
in line with acquainted literature with graphene-based or 2-dimensional electron gas
modulators but with higher reconfiguration speed. The helicity, either right or left
circular polarization states, of elliptical waves can be controlled. These results are of
great importance for fundamental research of polarization spectroscopy, polarization
imaging, or THz applications in the pharmaceutical and biomedical fields.

An all-electronic controlled metamaterial-based THz modulator is demonstrated
to achieve a recorded operating speed >3 GHz which is limited by the available
instrumentation as illustrated in Section 7.1. The achievements in the modulation
speed (in GHz range), amplitude extinction ratio (>10 dB), phase shift tuning (27o),
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and nearly decoupled control of OA and CD of THz waves are the key values of this
device, which is undoubtedly meaningful for communication applications and has a
certain impact on the THz modulator technology.

The achieved GHz modulation speed of this hybrid MMs/graphene device is
within very good agreement with previous literature reported on pristine graphene.
This result provides an upper intrinsic limit of the maximum reconfiguration speed
of these devices to 100s of GHz and, at the same time, reinforces the use of
metamaterial/graphene optoelectronic devices for ultrafast modulation of terahertz
waves. This overall remarkable performance of an optoelectronic modulator based on
metamaterial/graphene resonators is capable of efficiently modulating THz radiation
all-electronically with GHz-reconfiguration speed. It is worth highlighting that this
exceptionally high reconfiguration speed, the highest reported so far to the best of our
knowledge for a graphene-based integrated device, was not achieved at the expense of
the other performances, e.g. amplitude and polarization modulation depths. These
results represent great progress for several terahertz research and ultrafast photonic
applications, such as the realization of fast deep, and efficient THz circuitry for
the investigation of exotic quantum phenomena, wireless communications, and laser
diodes stabilization in quantum electronics.
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Chapter 1

The terahertz range

1.1 Introduction

The terahertz (THz) electromagnetic waves are de�ned broadly between 0.1-10 THz,
which corresponds to 3 mm to 30� m vacuum wavelengths. This spectral range
is allocated between microwave and infrared frequencies as illustrated in �g. 1.1.
Advances in the THz generation and detection techniques have accelerated the �eld of
THz science and technology including sensing and manipulations (Carpintero et al.,
2015; Rieh, 2020; Y.-S. Lee and Y.-S. Lee, 2008; Dexheimer, 2008). The rapid growth
of research and developments in the THz band have broadened the applications and
fundamental sciences into the �elds of communications, spectroscopy, and imaging
sensing (Song and Tadao Nagatsuma, 2015; Peiponen, J. Axel Zeitler, and Kuwata-
Gonokami, 2013; Y.-S. Lee and Y.-S. Lee, 2008; Saeedkia, 2013). Developments
in the THz regime have been experiencing rapid growth as well as their related
number of publications as presented by IEEE and Web of Science (Elayan et al.,
2020). Wireless communications beyond �fth generation (5G) are being deployed for
near-�eld applications for ground communications, due to atmospheric absorption, on
the promise of wide unallocated bandwidth and ultrafast communication (100 Gb-
1 TB/s). The theoretical bottleneck of communication systems with a limited
capacity is determined by the Shannon-Hertlet formalism (Venkatesh et al., 2020). Its
shorter wavelength and its higher frequency o�er an advantage over the microwave
range in terms of antenna gain and directionality. However, the lack of fast and
e�cient circuitry to manipulate and detect the THz wave properties is among the
bottlenecks limiting the exploration of the THz regime. The non-ionization properties
of the THz frequencies make them not harmful to the human body, similar to the
RF/microwave, which means they are safe for indoor/outdoor applications. An
ultrafast communication platform is also needed for high-resolution imaging and
sensing for most of the applications which depict the future of digital society including
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Figure 1.1: Terahertz waves applications in the spectra from (Zhenzhe Ma et al.,
2022).

the digital twin world, digital fabrications, augmented reality, or holograms. All
of these hungry data-rate applications have motivated research into compact and
integrated THz optoelectronic devices. This thesis focuses on solving these issues by
providing a novel integrated graphene versatile device, which can be implemented as a
fast external amplitude/phase/polarization modulator. Interestingly, the high speed
of this device makes this approach the fastest THz modulator/detector so far to the
best of our knowledge for the area of integrated graphene with metamaterials platform.
The novelty and key performances of the class of devices are greatly bene�cial
in various applications in the THz band in general and wireless communication
community.

1.2 Applications

1.2.1 Imaging

Advances in THz science and technology have contributed to the developments in
the �eld of THz imaging over the past decade. THz imaging can be realized using
either optoelectronics or all-electronic techniques. Spatial and axial resolutions of
THz waves are relatively low compared to the IR or Raman spectroscopy technologies.
These limitations make it even harder to use THz frequencies in molecular or cellular
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Figure 1.2: Reconstructed 3D image using THz imaging techniques (Y.-C. Shen and
Taday, 2008).

imaging required by the medical imaging community. More di�culties arise in vivo
imaging when using THz frequencies due to their low range of penetration depth.
This issue is mainly because of severe water and fat absorption in the THz regime
in tissues. These bottleneck factors require more fundamental research investigations
and developments to further broaden the THz imaging applications.

The coherent detection properties in THz measurements allow for image contrast
techniques to have a wide range (Huang, Y. Shen, and J. Wang, 2022). This is of great
bene�t for a variety of novel applications ranging from digital twins, and real-time
imaging, to holograms. Physical properties of objects can be extracted in THz imaging
measurements using only the time-domain traces of the detected THz waves. Under-
testing materials usually can be scanned in pixel-by-pixel arrangements by moving
them spatially via a motorized holder stage. In (Y.-C. Shen and Taday, 2008), a three-
dimensional (3D) image of the scanned object can be recovered using THz imaging
techniques by plotting the spatial location of each pixel in both vertical and horizontal
axes while time delay is the third axis as plotted in �g. 1.2. The non-destructive and
quantitative properties can also be examined using coherent detection methods for
testing paints in the automobile industry (Yasui et al., 2005; Su, Y.-C. Shen, and
J. Axel Zeitler, 2014). and protective coatings (Tu et al., 2016).

Severe water absorption experienced by some of the THz frequencies can be used
as an advantage in THz spectroscopy and imaging for the medical and biological
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communities (C. Yu et al., 2012). A distinguished observation was reported between
diseased and healthy tissues by carefully considering changes in the THz spectra in
absorption coe�cient and refractive index (Wallace et al., 2006). The lack of sharp
spikes in the THz spectra hardens the di�erentiation of THz wave propagation in
normal tissue, cancerous tissue, and water for THz frequencies at< 2 THz. This
latter challenge makes untrustable and unreliable simultaneous detection of cancerous
tissues. However, problems of measurement-speci�city could be overcome by advances
and developments of polarization-sensitive THz imaging devices integrated with
dielectric probing (Huang, Y. Shen, and J. Wang, 2022). Progress toward the
characterization of tissue properties could experience exponential growth in the near
future. An ultrafast communication platform is needed for high-resolution imaging
and sensing for most of the applications which depict the future of digital society
including the digital twin world, digital fabrications, augmented reality, or holograms.

Like in the communication �eld, THz imaging systems require high processing
speed (Huang, Y. Shen, and J. Wang, 2022). For example, faster sampling speed
is a key factor that determines the imaging collection data rate (Beck et al., 2019).
Moreover, high image acquisition speed can be improved by using more powerful
THz transmitters (Berry et al., 2013). The power conversion e�ciency from optical
to terahertz of 7.5% was demonstrated by (S.-H. Yang et al., 2014). This value
was achieved by using 3D plasmonic contacts on a low temperature (LT) GaAs
platform where most of the generated photocarriers are only nano-meters away from
the center of the THz emitter. This mechanism allows more photoinduced electrons to
drift toward the THz transmitter in a sub-picosecond time-scale enhancing the THz
generation e�ciency. The method of using two separate detectors for the THz probe
and the femtosecond (fs) optical pump can extensively in
uence the imaging sampling
rate. This idea was practically applied by redirecting both beams using an electro-
optic crystal (Z. Jiang and X. C. Zhang, 1999). This parallel detection mechanism was
recently used to extract the image of an object by applying wide spectral bandwidth
THz pulses (0.1-1.5 THz) (Ushakov et al., 2018). This scheme can also maintain
all the advantages of the THz time-domain imaging such as temporal propagation
speed and spectroscopic imaging. System requirements, such as ampli�ed fs lasers
to drive the charge-coupled device (CCD) camera, are one of the disadvantages of
the parallel detection technique. Despite this bottleneck, video-rate THz imaging
can be signi�cantly improved by using this scheme. Rates of image acquisition
can also be enhanced by the compressed sensing phenomena (Chan et al., 2008;
Chan et al., 2009; Guerboukha, Nallappan, and Skorobogatiy, 2018). Sequential
spatial modulation using spatial masking can manipulate the THz wavefront. This
beamforming mechanism can enormously improve data acquisition speed compared
to the conventional scanning technique (Huang, Y. Shen, and J. Wang, 2022). The
re-shaped THz beam propagates from an object to a single-point detector. This
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compressed sensing technique can retrieve both structural and chemical maps of
a sample (Y. C. Shen et al., 2009). The realization of such a high imaging rate
using the compressed sensing technique requires developments in equivalently fast
multi-pixel THz modulators, that can be independently all-electronically controllable.
Improvements in dynamic metamaterial-based THz spatial modulators could be key
to accelerating the development of compressed THz imaging for practical applications
besides the research laboratories (Watts et al., 2014a).

1.2.2 Communications

Nowadays, the THz communication community is shifting gears for the realization
of faster data transmission speed above 100 Gbps. Undergoing research and
developments in communication systems are now concentrated on the next generations
of wireless communication systems such as 6G and beyond. Advances in THz
communication can accelerate the developments in a variety of applications including
augmented reality (AR), biological imaging, nanoscale communications (e.g., in
supercomputers), radar systems, automotive and satellite communications, kiosk
downloading, indoor links (L. Zhang et al., 2020a; Tadao Nagatsuma, Guillaume
Ducournau, and Cyril C Renaud, 2016; Elayan et al., 2020). Developments of
THz devices require an increase in their operational frequency where there are more
unallocated waves in the spectrum. Despite the tremendous e�orts in THz science
and technology, there is still a lack of THz circuitry operating with high speed,
high e�ciency, and capability for pixel-to-pixel programmable coding (Han et al.,
2022; L. Zhang et al., 2020b; T. Nagatsuma, G. Ducournau, and C. C. Renaud,
2016; Elayan et al., 2020; Huang, Y. Shen, and J. Wang, 2022; Zeng et al., 2021).
Indoor and outdoor communications are signi�cantly in
uenced by water absorption,
which can reach up to 10-100 dB/km (Riccardo Degl'Innocenti, H. Lin, and Navarro-
C��a, 2022). In nanoscale communication, the THz frequencies can be used in a
variety of applications including device-to-device, di�erent objects, or integrated
electronic/optoelectronic components. Moreover, technologies that require extensive
data throughput, fast modulation speed, kiosk down-leading, new unallocated
frequencies bandwidth, and fast response are some of the key characteristics for
revolutionizing the next-generations of telecommunication systems (Elayan et al.,
2020; Riccardo Degl'Innocenti, H. Lin, and Navarro-C��a, 2022; Huang, Y. Shen, and
J. Wang, 2022). Wireless communications beyond 5G are being deployed for mid- and
near-�eld applications for ground communications, due to atmospheric absorption, on
the promise of wide unallocated bandwidth and ultrafast communication (100 Gb-
1 TB/s). Theoretical bottleneck of communication systems with capacity (C) is
determined by the Shannon-Hertlet formalism as follows (Fujishima, 2021):
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Figure 1.3: Time-domain digital-coding MMs for wireless communication demonstra-
tions (Jin et al., 2017).

C = B log2

�
1 +

S
N

�
; (1.1)

where the frequency range isB , the received signal power isS, and the system's
channel noise power isN . The received power by an antenna is proportional directly
to the antenna's e�ective area and inversely to the squared of the propagating
wavelength (Fujishima, 2021). Therefore, an increase in the operational frequency
would enhance the system's signal-to-noise ratio (SNR) while reducing the total
e�ective area (Riccardo Degl'Innocenti, H. Lin, and Navarro-C��a, 2022; Fujishima,
2021). This latter fact makes the THz frequencies more favorable over the microwave
band (Fujishima, 2018).

Amongst various approaches to achieve these milestones, only a few technologies
seem to overcome these obstacles such as 2D materials, semiconductors, phase-
change materials, and micro-electromechanical systems (MEMS), Complementary
Metal Oxide Semiconductor (CMOS), resonant tunnelling diode (RTD) lasers. The
metamaterial (MM) approach, thanks to its versatility, e�ciency, and miniaturization
capabilities, is rapidly establishing itself as the privileged paradigm for the realization
of integrated THz modulators (Josep Miquel Jornet and Akyildiz, 2013; Zeng et al.,
2021). The increased light-matter interaction in the MMs along with their scalable
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Figure 1.4: Digital coding of MMs and their application for 1-bit data transmission
(Cui et al., 2014).

capability leads to low operational power (Riccardo Degl'Innocenti, H. Lin, and
Navarro-C��a, 2022). The 
exibility of operational frequency as well as the broad
range of con�guration arrangements make this approach well-suited for THz wireless
systems. Several demonstrations of programmable and digitally coded devices were
reported for applying the MMs techniques in wireless communication schemes. In (Jin
et al., 2017), the EM waves were modulated using time-domain digitally programmed
MMs by actively acting on the local phase of the surface re
ectivity as illustrated in
�g. 1.3. In �g. 1.4, a phase of the EM �eld was manipulated using controllable
MMs operating at frequencies up to 14 GHz (Cui et al., 2014). Although the
programmable devices are working at the microwave regime, the same concept can also
be applied to THz frequencies (Fu et al., 2020). The salient feature of this approach
is to achieve all-electrical control of a large number of MMs arrays separately for
a variety of applications such as beam steering devices, spatial light modulators,
phase modulators, and wave-forming gated MMs arrays. In Josep Miquel Jornet and
Akyildiz, 2013, pixel-by-pixel arrays of MEMS split-ring resonators were reported
with separate electrical controls. In this device, the Fano resonance mechanism was

7



Chapter 1. The terahertz range
1.3. Challenges

Figure 1.5: Phase coding at THz frequencies based on integrated MMs and 2DEG
(Zeng et al., 2021).

deployed performing various digital logic gates such as XOR, XNOR, and NAND.
The working principles of this approach further highlight its versatility factor for
sending coded information through communication channels. Phase encoding was
also achieved by independently coding the MMs as mentioned in (Zeng et al., 2021).
In this work, a single-line transmission was combined with multichannel capacitive
MMs integrated with 2DEG as plotted in �g. 1.5. This particular arrangement allows
for achieving a robust phase control with minimal amplitude modulations, while the
low RC constant provides high recon�guration speeds.

1.3 Challenges

1.3.1 Atmospheric absorption

Severe atmospheric conditions, such as clouds and fog, limit the use of the THz
band to medium and near-�eld applications. Propagation loss is one of the major
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Figure 1.6: Mean of THz waves losses up to 1 THz for O2 and H2O sensitive
environment representing the sea-level and dry air absorption (Tataria et al., 2021).

concerns in transmission. It is directly proportional to the square of frequency (f )
and penetration distance (d), i.e. the free-space path loss (FSPL) (Pozar, 2011).
Additionally, the transmission of speci�c THz frequencies experiences high power
losses mainly because of H2O and O2 (Tataria et al., 2021). Frequencies with high
power attenuation take place at 120, 183, 325, 380, 450, 550, and 760 GHz shown
in �g. 1.6. Some low absorption regions in the THz band can be more useful for
relatively far-�eld propagation. The region between 200-300 has almost 
at and low
power losses, hence more research and developments have been concentrated in this
region. Unlike the RF/microwave region, THz waves encounter more power losses
when propagating inside a medium such as re
ection, scattering, and di�raction
in small environmental structures due to their smaller wavelengths (Han et al.,
2022). Compensation methods for atmospheric attenuation may include an increase
of power depending on the availability of high-power THz generation devices, line-
of-sight (LoS) and non-line-of-sight (NLoS) propagation path, and/or nanoscale
communications such as device-to-device communications (K•urner, D. Mittleman,
and Tadao Nagatsuma, 2021). Additionally, energy-concentrated directive beam
transmission is crucial for the THz network for propagation loss compensation.
The NLoS path concept is based on the beam scattering over broad angles, which
will reinforce the need for beam forming and steering devices as illustrated by
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Figure 1.7: Beam forming, steering, or coding for THz channel modelling. Source
(F. Yang, Pitchappa, and N. Wang, 2022).

�g. 1.7. Recon�gurable intelligent surfaces (RISs) are widely used to passively or
actively optimize the THz beam path (F. Yang, Pitchappa, and N. Wang, 2022).
A variety of tuning approaches have been proposed such as electronic mechanism
(complementary metal-oxide-semiconductor (CMOS) transistors, Schottky diodes,
high electron mobility transistors (HEMTs), and graphene), the optical mechanism
(photoactive semiconductor materials), phase-change materials (vanadium dioxide,
chalcogenides, and liquid crystals), and microelectromechanical systems (MEMS)
(F. Yang, Pitchappa, and N. Wang, 2022).

1.3.2 All-electronic approach

On top of the environmental issue, there is an intrinsic one due to the fact that the
so-called THz gap lies between electronics and photonics. Meaning that historically
we have been trying to reach this range from both sides, but both approaches have
their limitations. Complementary metal-oxide-semiconductor (CMOS) is an e�cient
solution for the bottom region of the THz band, i.e. < 300 GHz. This approach
is easily integrable due to advances in CMOS nanotechnology, has small footprints,
and has relatively low cost with high resolution and 
exibility (Elayan et al., 2020).
In Venkatesh et al., 2020, a CMOS active transistor with a metasurfaces device
operating at 0.3 THz was fabricated using a 65 nm CMOS nanoscale process. This
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Figure 1.8: CMOS technology breaking the 100 Gbps of throughput speed (Takano
et al., 2017).

CMOS/metasurface device was reported to achieve 25 dB of amplitude modulation
depth, phase modulation, and active beam-steering by� 30o. As shown in �g. 1.8,
CMOS complex technologies have reached up to 105 Gbps of data transmission speed
operating at 300 GHz of the carrier frequency (Takano et al., 2017). Integration
of a large number of nanoscale transistors may increase the operational frequencies.
The high-speed oscillation of such transistors can be realized with a combination of
transistor gate scaling for parasitic reduction and epitaxial material enhancements
for improved electron transport properties (Elayan et al., 2020). Various methods
of monolithic microwave integrated circuits (MMIC) have been realized such as
heterojunction bipolar transistors (HBT) and high electron mobility transistors
(HEMT). The HBTs devices can operate with high oscillation frequencies, biasing
conditions, and with reduced parasitic capacitance through the substrate (Houston,
2000). These devices can be fabricated on a variety of platforms such as Si, GaAs,
and InP, which makes them integrable with other optoelectronic devices operating
at 10.3-1.5 � m including lasers or photodiodes (Elayan et al., 2020). Several
HEMT fabricated on InP substrate devices were reported to operate with a carrier
frequency of up to 1 THz (Elayan et al., 2020; H. Liu, Lu, and X. R. Wang, 2017).
Manipulation of EM waves at above 300 GHz frequencies requires the development
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of a high switching speed mechanism, where stand-alone electronics will not be able
to maintain a high speed towards the milestone of achieving> Tbps. Consequently,
devices based on electron di�usion tend to experience performance degradation when
operating above 300 GHz (Elayan et al., 2020; Riccardo Degl'Innocenti, H. Lin, and
Navarro-C��a, 2022). Continues miniaturization towards THz wavelengths and possible
integration with other Si-based platforms could increase the di�culties in the CMOS
and Monolithic microwave integrated circuit (MMIC) technologies, which makes it
even harder to break the limits of Tbps data rates required by THz measurements
and next-generations of wireless communication. The complexity of their operational
principles and design is hardening the practicality of the all-electronic mechanism at
the THz regime. The frequency change from RF/microwaves to the THz band results
in a shorter operational wavelength and a wide range of hardware and software issues,
including smaller sizes and more complex propagation characteristics.

Unlike the RF/microwave devices, the fabrication of THz devices is not ma-
ture. Basic diodes and transistors do not yet work e�ciently in the THz band.
Increasing the operating frequency of semiconductor devices up to the THz band, the
semiconductor materials, and the distributed parameter of device packaging directly
in
uence the circuit and system performance. Speci�cally, the fabrication of THz
amplitude modulators is very challenging because of their small size. Modulation
speed and modulation depth encounter even higher di�culties. It is well known that
intrinsic materials can not e�ectively and rapidly modulate THz radiations; hence, it
reinforces the need for an appropriate material and/or structure to ful�ll the high-
speed manipulation of THz waves. For this, 2DEG composite materials (e.g., GaN
HEMT) and 2D materials (e.g., graphene) have been used in THz modulators. Thus,
in the future, arti�cial materials with a response time of less than 1 picosecond in
the THz band have attracted tremendous attention for device fabrication in light of
expansion towards a high THz spectrum.

1.3.3 Photonic approach

Photonic-based THz transmitters with su�cient energy levels are feasible using reso-
nant tunneling diodes (RTD), uni-traveling-carrier (UTC) photodiodes, or quantum-
cascaded lasers (QCLs) (C. Lin and G. Y. L. Li, 2016; K•urner, D. Mittleman, and
Tadao Nagatsuma, 2021; Stephen J. Kindness et al., 2020a). Their intensity can
then be modulated using all-optical components, electro-optic, or electro-absorption
techniques. Photonic-based technology has broadened the explorations of the THz
band by unlocking various aspects such as wider spectral bandwidth, implementations
of di�erent data transmission modulation techniques like multichannel modulation
frequency division multiplexing, and increase of the carriers frequency (Song, 2021).
Photonic devices have a role in realizing high-speed data rates above 10 Gbps using
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the on-o� keying (OOK) scheme as reported by (Hirata et al., 2012). Unlike all-
electronic, photonic components can be directly linked to not only the THz band
technologies but also the optical communication community. For instance, �ber-
optic communications operating with optical coherent network systems require ultra-
wide bandwidth, high modulation depth, and fast recon�guration speed of amplitude,
phase, and polarization modulations (Tadao Nagatsuma, Guillaume Ducournau, and
Cyril C Renaud, 2016).

Optoelectronic THz devices have enhanced the ability to convert from optical
to THz conversions, which o�er a higher level of miniaturization above 500 GHz.
Experimental demonstrations using the optoelectronic approach reported achieving a
data transmission rate of up to 260 Gb/s using carrier frequencies of 300-500 GHz
(Tadao Nagatsuma, Guillaume Ducournau, and Cyril C Renaud, 2016). Therefore,
optoelectronic devices operating over the whole THz range are essential toward
achieving > 100 Gbps required in the next-generation communication systems as
illustrated by �g. 1.9. In standard electro-optical modulators, the required voltage to
achieve� retardation denoted byV� has a linear dependence on the wavelength, which

Figure 1.9: Di�erent approaches have experimentally demonstrated high data
transmission rates at the THz regime. Source (L. Zhang et al., 2020b).
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makes the use of standard electro-optical modulators impractical at these wavelengths
(Yariv, 1989). Optical to THz energy conversion e�ciency may hinder the practical
application of optoelectronic elements (Huang, Y. Shen, and J. Wang, 2022). To
overcome some of these limitations, various approaches for 
exible and integrable THz
modulators have been proposed including 2D electron gases (2DEG) (Yaxin Zhang
et al., 2015; Y. Zhao et al., 2019a; Kleine-Ostmann et al., 2004a), semiconductors
(Pitchappa et al., 2019), or 2D surface plasmon/metamaterial based platforms (S. Lee
et al., 2020; Riccardo Degl'Innocenti, H. Lin, and Navarro-C��a, 2022).

1.4 Our approach

As an approach to breaking the limits of high modulation speed, we propose an
ultrafast and compact platform comparable with large-size industrial fabrication
techniques, e.g. chemical vapour deposition (CVD) of graphene. Large monolayer
and large-size area continuous �lms are playing a major role in emerging industrial
applications, thanks to the developments in the CVD of graphene (Burton et al.,
2019). The properties of a graphene monolayer and its integration with split-
resonators devices are brie
y described in Chapter 2. The simulated response for
THz frequencies, fabrication steps, and cut-o� frequency analysis are discussed in
Chapter 3. Optoelectronic behavior is scrutinized as presented in Chapter 4. All-
optical measurements on the complex structure determine the intrinsic upper limits of
the modulation speed as presented in Chapter 5. Rotating the incident E-�eld provides
the ability to actively control the polarization state of THz waves as illustrated in
Chapter 6. Finally, this work will end with summarizing, research trends, and future
work as in Chapter 7.
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Chapter 2

Metamaterial active THz devices

2.1 General metamaterials de�nition, design, and
properties

The realization of a fast, e�cient, optoelectronic platform operating over the
whole THz range requires a novel approach, which need to be versatile, e�cient,
and compatible with all applications described in the previous chapter. Our
approach is based on active metamaterials. Most natural materials do not interact
e�ectively with THz frequencies, hence the need for a new approach is required
(Song and Tadao Nagatsuma, 2015). An arti�cially designed structure can be
engineered to exhibit tailored resonances in the electromagnetic (EM) response, e.g.
arti�cial resonance in the permittivity and/or permeability; this structure is called
metamaterial (MM), meta-atom, or metasurface (Carpintero et al., 2015; S. H. Lee
et al., 2012; He et al., 2018). The MMs can be designed in sub-wavelength components
capable of manipulating the EM waves in the entire THz regime, which could lead to
new physical phenomena e.g. arti�cial complex permittivity (� ) and/or permeability
(� ) (S. H. Lee et al., 2012; Riccardo Degl'Innocenti, H. Lin, and Navarro-C��a, 2022).
In order to achieve an e�ective homogeneous medium, a single unit cell of the MMs
array must be much smaller than the targeted oscillating wavelength. Meta-atoms can
support several resonance modes to oscillate under an external EM wave excitation.
This resonance frequency (f res) depends on the geometry and size of the meta-atoms
rather than the material of choice. These devices can operate with approximately
the same e�ciency over the whole THz range just by increasing or reducing the
size. Depending on the choice of the design, MMs can support di�erent modes
and exhibit di�erent photonic properties, such as even and odd higher-order modes,
Fano resonances, electromagnetically induced transparency (EIT), plasmon-induced
transparency (PIT) in
uenced resonances, and resonances in chiral and toroidal
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metamaterials (Banerjee, Pal, and Chowdhury, 2020). Further to this, the utilization
of MMs at THz frequencies has unlocked access to unique physical principles namely
negative and ultra-high refractive indices (Veselago, 1967; J. T. Shen, Catrysse, and
S. Fan, 2005).

2.2 History and literature review

2.2.1 Passive THz matematerials

THz metamaterials can be grouped into passive and active devices based on their
ability to manipulate the properties of EM radiation. These properties include
resonant frequency (f res) tuning, transmitted or re
ected amplitude and/or phase,
absorption factor, and index of refraction as summarized in �g. 2.1 (Song and
Tadao Nagatsuma, 2015). The EM waves incident on passive MM devices cannot
be modi�ed by an external source of energy after fabrication. Unlike passive devices,
the properties of dynamic metamaterials could be altered by external stimuli such
as optical, electrical, thermal, or mechanical sources of energy. Integration of active
medium with MMs has a huge impact on the EM wave manipulation capabilities.

In MMs with negative refractive index, the propagation of EM waves is determined

Figure 2.1: Various types of metamaterial devices including passive (a), active (b),
and frequency conversion. Source (S. Lee et al., 2020).
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Figure 2.2: Passive MMs device exhibiting high refractive index (M. Choi et al., 2011).

by the sign of both permeability and permittivity ( �
p

�� ). A theoretical study of the
negative refractive index MMs was �rst introduced using metallic wires array (J. B.
Pendry et al., 1998) and split-ring resonators (SRR) array in (J. Pendry et al., 1999).
A combination of two di�erent SRRs into a single metamolecole was reported to be a
left-handed medium (Smith et al., 2000). These devices have stronger beamforming
and design 
exibility capabilities. Early theoretical study on ultrahigh-index MMs was
reported by (Shin, J.-T. Shen, and S. Fan, 2009; J. T. Shen, Catrysse, and S. Fan,
2005), but its complex 3D structure makes its practical implementations di�cult.

2.2.2 Active THz matematerials

Active manipulation of THz radiation is a key element for research and developments
targeted by the electronic and photonic communities. The metamaterials approach,
thanks to its versatility, e�ciency, and miniaturization capabilities, is rapidly
establishing itself as the privileged paradigm for the realization of THz devices (Al-
Naib and Withayachumnankul, 2017; S. Lee et al., 2020; J. Li et al., 2020; Yaxin
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et al., 2020; Zuojia Wang et al., 2016; Hou-Tong Chen, Taylor, and N. Yu, 2016;
Yoo and Park, 2019; Fu et al., 2020; S. Shen et al., 2022; Riccardo Degl'Innocenti
et al., 2018; ZT Ma et al., 2019; Low and Avouris, 2014). Integrating active elements
with MMs has been intensively studied reporting more e�ective control of the EM
wave properties because of their powerful oscillation capability at THz frequencies.
The lack of e�cient and fast THz circuitry reinforces the need for active optical and
electronic components such as switches, �lters, and modulators. Acting on the active
elements integrated with MM devices can be realized either optically, electrically, or
mechanically.

All-optical control of a THz radiation device was demonstrated using an indium
antimonide (InSb) grating (J. B. Pendry et al., 1998). In this work, the switching
mechanism was based on the photoexcitation of the free electrons. In In Padilla
et al., (2006), SRRs made of metals were fabricated on a semi-insulating gallium
arsenide (Si-GaAs) substrate and tested by optically exciting, and THz probing, the
MMs. In this experiment, the photo-inducing optical pulse signi�cantly changed the
absorption coe�cient damping the resonance of the SRRs because of the domination
of the photoexcited substrate. Using an all-optical experiment, continuous tuning

Figure 2.3: Active MMs device by photoexcited electrons (H.-T. Chen et al., 2008).
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of f res by 20% was at THz frequencies achieved by fabricating SRRs made of Si on
a quartz platform (H.-T. Chen et al., 2008). In this design, manipulation of the
capacitive gap mechanism was altered using di�erent optical pump 
uence, hencef res

was dynamically blueshifted. Its scanning electron microscope (SEM) picture as well
as simulated and experimental frequency tuning results are illustrated in �g. 2.3.

A more practical technique for controlling the THz wave is required, i.e. electrically
tunable THz metamaterials for practical applications, e.g. wireless communications.
The physical properties of the THz frequencies, including amplitude (Hou-Tong Chen
et al., 2006), phase (H.-T. Chen et al., 2009), and wavefront (Chan et al., 2009), were
controlled by electrically biasing the MMs. The THz spatial light modulator (SLM)
in (Chan et al., 2009) was tested in THz-TDS setup achieving� 3 dB of amplitude
modulation depth with an applied voltage of only 16 V at room temperature. The
speed of mobility is the key element that determines the switching speed of THz
devices. Therefore, di�erent strategies have been developed in order to include
active materials in the MM designs, thus achieving high modulation depth and
speed. Amongst these, the most popular methodologies use semiconductors (Hou-
Tong Chen et al., 2006; Pitchappa et al., 2019; Venkatesh et al., 2020) or 2D
materials such as graphene (S. H. Lee et al., 2012; Stephen J. Kindness et al., 2020a;
Zaman et al., 2023). A MM/graphene in a hybrid resonator was reported achieving
� 40 MHz of modulation speed at a resonance of about 5 THz (P. Q. Liu et al., 2015).
Metallic plasmonic antennas shunted by graphene patches reported a recon�guration
speed as high as� 115 MHz (Jessop et al., 2016). Gated MM resonators shunted
by graphene have been deployed to actively modulate the beam of THz light, i.e.
amplitude, phase, and polarization, with the potential of achieving a high speed of
modulation (Stephen J. Kindness et al., 2019; Stephen J. Kindness et al., 2020a;
Stephen J. Kindness et al., 2018; Riccardo Degl'Innocenti et al., 2016).

Other mechanisms for EM wave manipulation include VO2 (Kats et al., 2013;
Ivanov et al., 2021) or phase-changing materials such as liquid crystals (Ji et al., 2019a)
or two-dimensional electron gases (2DEGs) (Yaxin Zhang et al., 2015; Y. Zhao et al.,
2019a; Yaxin Zhang et al., 2015; Y. Zhao et al., 2019b). Despite the high robustness
and e�ciency of these approaches, they would not be able to keep up with the high
modulation speed required by many strategical applications.

2.3 Electrical properties of materials

We focus our attention on metallic metamaterials, basically 2D metasurfaces. The
conventional approach for understanding the electrical response of metals is expressed
by a frequency-dependent, complex permittivity (� ), and a complex conductivity (� )
(Carpintero et al., 2015). The� describes polarization responses inside the medium
based on the material's molecular electron structure. The� is related to the electron
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mobility under the EM �eld excitation. However, polarization and conductivity of
materials become strongly dependent on the frequency at the THz range since then
the Drude model works better (Carpintero et al., 2015). In this case, the dielectric
function of metals is best described by the Drude model in the frequency domain as
(Song and Tadao Nagatsuma, 2015; Carpintero et al., 2015):

� (! ) = 1 �
! 2

p

! 2 + i � !
; (2.1)

where � is the collision (damping) frequency. The plasma frequency! p is expressed
as ! p = ( nee2=�0mef f )1=2 corresponding to the material's properties including the
electron densityne, electron chargee, vacuum permittivity � 0, and e�ective electron
massmef f (Song and Tadao Nagatsuma, 2015; Carpintero et al., 2015). Under an
applied AC �eld oscillating with f = != 2� , the material's conductivity is a frequency
variant complex value as follows (Carpintero et al., 2015):
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� 0
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� 0
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� j!�

� 2
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where� is the carrier relaxation lifetime and equals 1/�, and� 0 is the DC conductivity.

2.4 Graphene monolayer

Graphene is a 2D material used extensively as an active material due to its unique
properties in optics and electronics. At a �nite level of doping, graphene has
frequency-dependent absorption and optical transition characteristics. When excited
with less than double its Fermi-level energy, free electron-hole recombination occurs
due to intraband absorption as illustrated in �g. 2.4. These energy levels correspond
to the THz band and mid-IR region where the graphene conductivity follows a Drude
peak (Low and Avouris, 2014). From near to visible light, interband free electrons
recombination takes place with an absorption coe�cient (�� ) of approximately 2.3%.
The salient feature of using a monolayer of graphene is because of its fast responses
in the THz band due to its symmetrical gapless conical shape of the bandgap energy
(Low and Avouris, 2014). Graphene also o�ers a wide range of carrier mobility in
the order of 70,000 cm2=(V � s) with a broad carrier concentration that can reach
about 1014=cm2 at room temperature reported for industrially relevant chemical vapor
deposition techniques (Riccardo Degl'Innocenti, H. Lin, and Navarro-C��a, 2022). At
the mid-IR due to Pauli blocking, there is a minimum absorption. At the THz range,
however, the absorption is mainly due to intraband and disorder mediated where
its conductivity is directly proportional to the square of the carrier's concentration.
The THz regime absorption is commonly modeled with the Drude model as a �rst
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Figure 2.4: a) The absorption coe�cient for doped graphene for each frequency region.
(b) Allowed free carriers concentration in the bandgap of doped graphene. Source
(Low and Avouris, 2014).

approximation, or using the Kubo formula (X. Chen et al., 2020; R. Lin et al., 2021)
by neglecting the interband contribution as follows:

� intra = i �
e2kBT

� �h2(! + i
� )

�
�

EF

kBT
+ 2 ln( e� E F

k B T + 1)
�

; (2.3)

where the Boltzmann constant is denoted bykB , reduced Planck's constant is �h,
temperature T is usually assumed 300 K, electron charge ise, Fermi-level energy is
EF , and momentum relaxation constant� is in the order of 10s of fs. The Fermi
energy of graphene can be tuned either via electrostatic gating or optical pumping.

The unique properties of graphene as an active medium at the THz band have
attracted a wide range of research experimentally. It is well known that graphene has
a strong matter interaction with the propagation of surface plasmonic polariton (SPP)
(T. Watanabe et al., 2013). Therefore, graphene exhibits: (1) strong interactions with
oscillating plasma THz waves, (2) high electrical manipulations of the properties of
SPP radiations, and (3) active 2D medium capable of converting and guiding the SPP
waves into free-space (J. M. Jornet, Knightly, and D. M. Mittleman, 2023). All these
latter advantages of graphene are still valid at the sub-wavelength size. Advances
toward passive MMs have increased the need for active manipulation elements to
improve practical implementations. Thus, many techniques have been introduced to
integrate graphene as an active component with the MM designs. Depending on the
integration mechanism, graphene conductivity can be controlled either by thermal,
optical, or electrical excitation (Sun et al., 2020; Zaman et al., 2022b; Zaman et al.,
2022a; Zaman et al., 2023; S. Lee et al., 2020). The ultrafast interband electron-hole
recombination rates of epitaxial graphene were �rst studied by using optical-pump
terahertz-probe spectroscopy yielding to a couple of ps time-scale (George et al.,
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2008). The operational approach in semiconductors is mainly using the 
ow of charge
carriers injected electrically. Despite the wide range of carriers concentration, the
accessible conductivity range of unpatterned graphene is still practically insu�cient
and limited. As a way of compensation, graphene is usually patterned and integrated
with plasmonic, metals, or dielectric resonators. Ion-gel allows chemical doping of
graphene Fermi energy signi�cantly larger than electrostatic doping, but it is not
compatible with a > GHz, all-electronic recon�guration speed as in this device; they
normally have kHz-10's kHz speed, a few orders of magnitude slower than this
gated/SRs device.

2.5 Active electromagnetic induced transparency
(EIT) devices

Active polarization state manipulations of electromagnetic (EM) radiations have a
wide range of applications. Historically, controlling the EM waves polarization was
achieved via the Faraday e�ect, � /2 or � /4 waveplates, liquid crystal, and so on
(Zhu and Dong, 2022; Yariv, 1989). The linear dependence on the wavelength
makes use of standard electro-optical modulators impractical at THz frequencies.
The implementations of the EIT e�ect can e�ectively manipulate the polarization
states of THz waves. From a practical viewpoint, the design of EIT MMs devices has
been constructed with various active materials such as 2D materials (e.g. graphene),
optically sensitive elements, phase change components, and MEMS devices. The
high mobility and atmospheric stability of a monolayer of graphene are among many
advantages, which make graphene a solid choice for modern THz technologies. The
Fermi-energy of graphene provides a low carrier density at its Dirac point and can be
modi�ed by external stimuli, hence changing its conductivity (Stephen J. Kindness
et al., 2018; Zhu and Dong, 2022). Chemical doping of graphene can widen the range
of graphene conductivity accessible experimentally, hence adding extra advantages for
active manipulations of the EIT e�ect (H. Zhao et al., 2020). Integration of double
C-shape resonators achieved dynamic frequency tuning by electrostatic bias in the
metasurface shunted by graphene as shown in �g. 2.5. This EIT-based graphene
device has reported continuous frequency tuning by up to 120 GHz operating at
about 2 THz. The interplay switch between the coupled bright and dark resonators
has reported the ability to control the group delay by approximately 0.5 ps. The active
control of dispersion of the graphene-based EIT devices allows them to be ready for
integration with THz sources. Despite the incredible performances of the active EIT
devices, their recon�guration speed has been reported in the order of tens of MHz till
now. Although EIT-based metamaterials have achieved high sensitivities with high
�gure-of-merit values and Q factors, the modulation speed of these devices is still
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Figure 2.5: Graphene integrated EIT metamaterial resonators (Stephen J. Kindness
et al., 2018).

within the MHz speed.

2.6 Metamaterial/graphene split resonators ap-
proach

Dynamic modulation of the absorption of collective charge plasmon was enhanced
by using patterned graphene (J. T. Shen, Catrysse, and S. Fan, 2005). This latter
phenomenon demonstrated the ability to manipulate the amplitude of THz waves
using metallic bow-tie antennas shunted by a graphene monolayer as shown in �g. 2.6.
In this THz modulator, active amplitude manipulation was reported to achieve 20-
30% in modulation depth and � 115 MHz in recon�guration speed. For further
improvements, the integration of graphene with MMs has signi�cantly enhanced the
modulation depth of THz modulators to about 60% with a measured recon�guration
speed of up to 40 MHz (P. Q. Liu et al., 2015; Yao et al., 2014). However, the
modulation speed of these graphene/MMs devices is estimated to reach up to 20 GHz
(P. Q. Liu et al., 2015). Till this point, the GHz modulation speed of THz modulators
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Figure 2.6: Electrically controllable graphene-hybridized metasurfaces amplitude
modulator (Jessop et al., 2016).

is mainly limited by the modulation mechanism and the overall capacitance and
resistance values. Improving the modulation speed could be achieved by reducing the
total footprint size and the number of unit cells. In general, these two solutions become
practically di�cult as the operating frequency increases at the THz regime, especially
in free-space applications. Consequently, a more e�ective modulation mechanism
is required to further enhance the recon�guration speed of THz modulators. In
Wong et al., 2020, the integration of metallic patches with VO2 stripes can selectively
transmit or re
ect the desired E-�eld polarization by independently applied voltages,
as shown in �g. 2.7. Polarization conversion can also be achieved with di�erent
strategies, e.g. (Stephen J. Kindness et al., 2019; Zaman et al., 2023), but they
require a high extinction ratio in amplitude modulation.

To further highlight the capability of achieving high-speed THz modulation, a
new modulation mechanism is deployed using graphene integrated with metamaterial
resonators. In Yaxin Zhang et al., 2015; Y. Zhao et al., 2019a, the single meta-
atom state with condensed SPP modes is utilized by fabricating identical dual-
resonators shunted by graphene as a variable resistance and double-gated by top
and back gates. The collective state is realized by fabricating the resonators in
nested and interdigitated schemes to form a complete array with four independent
electrical connections, i.e. source, drain, top-gate, and back-gate. Dimensions of the
dipoles are carefully designed to operate at around 0.8 THz, where THz generation
technology is working su�ciently. The interplay between collective to individual states
is demonstrated using this structure. The ability to switch between single to collective
modes can nearly 99% shift thef res due to the 
exible distribution of these resonant
modes throughout the entire metamaterials, hence modifying the transmission of THz
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Figure 2.7: Tuneable polarization switching using integrated VO2/MMs by re
ecting
the E-�eld component along the direction of the DC bias in a, b, c, and d. Source
(Wong et al., 2020)

spectra. Additionally, the interplay mechanism has signi�cantly reduced the parasitic
resonances and overall capacitance values in this composition. Consequently, ultrafast
modulation of a THz metamaterial/graphene array integrated device is demonstrated
in both simulations and experiments.

Finally, the high performance of the device is achieved without a�ecting the
measured recon�guration speed which is reported to reach at least 3 GHz, limited
only by the available instrumentation. This represents a progress of 30 times higher
recon�guration speed compared with previous similar all-electronic THz devices
integrating graphene as a functional material. These results represent a breakthrough
for many applications where fast and e�cient THz circuitry is required, such as THz
wireless communication or quantum electronics for active modelocking of QCLs.
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2.7 Fabrication methodologies for THz metamate-
rials

The fabrication process of devices operating with THz carrier frequencies is one
of the crucial and fundamental challenges. Technologies from RF/microwave are
working with high reliability, robustness, and precision, but they are most likely
to fail as the operational frequency keeps increasing toward the THz regime.
Photonic-based modulators have the advantage of scaling their footprint size with
low cost compared to all-electronics technology. Advances in nanotechnology could
allow for the full integration of THz transmitters, modulators, ampli�ers, and
receivers. Monolithic integration of laser sources on InP, Si, and GaAs platforms
have been already demonstrated in THz communication systems (Tadao Nagatsuma,
Guillaume Ducournau, and Cyril C Renaud, 2016). Integration and fabrication
imperfections have a direct impact on the performance of the THz devices. The
required small footprint is undoubtedly not an easy task when increasing the
operational frequency. The material of choice is an essential part that determines the
modulation speed and depth of such a THz modulator. As a result, active functional
materials have been included in the design of THz devices such as 2-dimensional
electron gas (2DEG) (e.g. GaN HEMT (Yaxin Zhang et al., 2015; Y. Zhao et al.,
2019a)) or 2D materials (e.g. graphene (Riccardo Degl'Innocenti, H. Lin, and Navarro-
C��a, 2022; S. Lee et al., 2020)).

A variety of optoelectronic devices working as an external THz modulator have
been tested with di�erent THz sources for the potential of possible integration
(Stephen J. Kindness et al., 2019). The latter group demonstrated the ability to
apply an external THz modulator with QCLs in a test-bed setup as a proof-of-
concept for the potential of integration. The individual units of the MMs array
should be patterned in a micrometer-scale to satisfy the homogeneity, e.g. 1 THz
corresponds to about 300� m. Various nano-fabrication techniques have been applied
to push the design of metamaterial toward the THz regime. One of the most widely
deployed methodologies is the fabrication techniques for integrated circuits (ICs) and
microelectromechanical systems (MEMS) (Song and Tadao Nagatsuma, 2015). In
general, the MMs are constructed by dielectric and metals on a variety of substrate
materials. The substrate of choice could be solid-state bulk material or 
exible
polymers. Fabrication of MMs mainly depends on the photolithographic technique,
which is capable of constructing two-dimensional (2D) planar THz metasurfaces.
Three-dimensional (3D) MMs can be fabricated using multi-layer structures, despite
their fabrication complexity. Recently, advances in the nano-fabrication process have
had a great in
uence on the realization of 3D THz metamaterials. Some of the new
technologies that have been widely used are direct laser writing, x-ray lithography (e.g.
Lithographie, Galvanik, and Abformung (LIGA) process), femtosecond laser microlens
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array (fs-MLA) lithography, multilayers electroplating (MLEP), laser printing, E-
beam lithography, and stereolithography (Song and Tadao Nagatsuma, 2015). More
details on the fabrication techniques are described in Chapter 3.

For graphene based metamaterial, it is common to implement chemical vapour
deposition (CVD) grown graphene rather than exfoliate, as this latter one has size
not compatible with typical mm-size THz devices. The graphene integrated into the
metamaterial devices described in this thesis is grown using CVD. This process uses a
methane gas 
ow which passes by a heated copper catalyst where the graphene 
akes
self assemble (Hofmann, Braeuninger-Weimer, and Weatherup, 2015). The copper
is then etched away in HCL leaving a graphene �lm which is transferred onto the
Si/SiO2 substrate used to build the metamaterial array. To convert this static sheet of
graphene on the substrate into an electrically tunable medium, source/drain pads are
then formed by thermal evaporation of metals, e.g. Au and Ti. The graphene sheet is
then encapsulated by a dielectric layer using atomic layer deposition technique (ALD).
Finally, top-gate stripes are formed using metal evaporation. Further description on
the fabrication of our devices are reported in Chapter 3.
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Chapter 3

Simulation and fabrication of the
gated MMs/graphene resonators

There is extensive literature about graphene devices. Before starting this research, the
record for graphene-based devices in the THz region was 100 MHz, which is too low
for hungry data rate applications driving THz technology. Here, we have realized a
> 20 times improvement in speed for amplitude, phase, and polarization modulations.
Moreover, our innovative polarization modulation scheme is based on a completely
di�erent approach from previous works (Stephen J. Kindness et al., 2019), and it
yields an improvement of a few hundred times in recon�guration speed (> 115 MHz)
reported in (Jessop et al., 2016).

Metamaterials shunted by graphene have been extensively studied in recent years
aiming to realize fast e�ective reliable THz radiation manipulations. Double-layer of
ring resonators were fabricated owing to the chirality of their structure to manipulate
the polarization of incident THz radiations as reported in (Stephen J. Kindness
et al., 2020a). Therefore, this gated split resonators (SRs) structure is adopted in
this work to improve the overall performances of THz modulators, especially their
recon�guration speed. The SRs are shunted by graphene instead of 2DEG since
graphene can provide high mobility, e.g. 70,000 cm2=(V � s) (Riccardo Degl'Innocenti,
H. Lin, and Navarro-C��a, 2022). The usage of top-gating instead of conventional
back-gating is adding more advantages to the recon�guration speed. The nested
arrangement of the fabricated SRs is bene�cial to reduce any cross-talk between the
unit cells. This interdigitated design helps increasing the distance between consecutive
unit-cells. This complex single unit-cells are simulated using the �nite element
method. The simulated 3D structure is meshed in order to solve the periodic boundary
conditions. The simulated E-�elds propagating through the unit-cells could help in
estimating the resistance and capacitance values. These latter values are inserted into
the reconstructed equivalent circuit model and solved via LTspice® to calculate the
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Figure 3.1: (a) 3D discretized model using tetrahedral elements. Simulated layers'
composition and optimized dimensions of Au (b) and (c), dielectric (d), and graphene
(e).

estimated cut-o� frequency of the device.

3.1 Finite element method simulations

Various computational techniques for solving di�erential equations of Maxwell's
electromagnetic (EM) equations have been developed such as the Fourier transform
method (FTM) (Chapter 5 in Garg, 2008), �nite-di�erence time-domain method
(FDTD) (Chapter 8 in Garg, 2008), �nite element method (FEM) (Chapter 10 in
Garg, 2008), and method of moments (MoM) (Chapter 11 in Garg, 2008). Amongst
all of these computational methods, the FEM has been extensively used to describe the
physical behaviours of metamaterials (MMs) 3D structure, especially with graphene
(Chandra et al., 2020). In the FEM, the physical 3D model structure is subdivided
into small discrete elements where solutions of the propagating EM waves are then
calculated at each element.

To better understand the physical behaviour of a single unit cell, a 3D model is
developed and simulated using the RF module of COMSOL Multiphysics® software.
Normally, the devices that we are using are composed of arrays with multiple identical
unit cells. Simulating the whole design with FEM would require prohibitive RAM
power and computer tools. What is normally done is to simulate at best a single
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unit cell, where periodic lateral boundary conditions take into account the pitch of a
complete array. This software can simulate the electromagnetic response of a single
unit cell, which under the periodic boundary response is representative of the real
array composed of hundreds of resonators. The optical conductivity of the graphene
and Au layers are varied throughout these simulations as described by the frequency
dependence Drude model as follows (S. Kindness, 2020):

� AC (f ) =
� DC

1 + i2�f �
; (3.1)

where � DC is the substrate resistivity of 100 
cm, while the Drude scattering
time (� ) is 10 ps as reported in (S. Kindness, 2020). This software allows the
retrieval of S11 and S21 parameters using the transmitter and receiver ports. The
S11 component represents the re
ected waves from the 3D structure (transmitter-to-
transmitter signal), while the S21 parameter indicates transmitter-to-receiver waves
passing through the 3D structure at port 2 as indicated by the meshed 3D model in
�g. 3.1a. One of the fundamental properties of the FEM analysis is that simulation
errors decrease with the increase of meshing density size to a minimum point before
rising up again. Therefore, meshing size is more condensed inside the resonator's
capacitive gap area to enhance the accuracy of simulations where the E-�eld is
more concentrated. The thicknesses of each layer along with material properties are
summarized in table 3.1. Additionally, all layers have a permeability of 1 H/m and
permittivity (imaginary part) of 0 F/m. The single unit-cell dimensions are optimized
in order to achieve the strongest damping in the spectral amplitude and phase at
various THz frequencies as illustrated in �gs. 3.1b-e. The optimum gap spacing of the
split dipoles is found to be 7.5� m which gives maximum depths of spectral amplitudes
and phases according to the simulated results of various gap distances. In simulation,
the minimum thickness to properly a�ect the propagating EM waves is found to be
about 15 nm which is selected as the graphene layer's thickness. Also here, one should
take into account the fact that it can not be possible to include the real thickness of the
substrate, for the PC memory issues already explained, but it can be approximated.

Table 3.1: Optimized layers' thicknesses and materials' parameters used for simulation

Layer Thickness � (S/m) Real � (F/m)
Graphene 15 nm eq. 3.1 1

Au 80 nm eq. 3.1 1
Al 2O3 100 nm 0 9.1
SiO2 300 nm 0 3.7636

Si 6 � m 0 6.8
Air 6 � m 0 1
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(a) (b)

(c) (d)

Figure 3.2: Simulated transmission (S21) and re
ection (S11) spectral amplitudes (a)
and (b) for both orthogonal polarizations. (c) Only S21 spectral phase. (d) S11 and
S21 spectral phases for the cross-polarized incident �eld. The insets are the E-�eld
norm along thez-direction calculated at the metallic surface.

In fact, the plasmonic modes have maximal values at the metal interface and are
exponentially decaying inside the substrate. Therefore, the optimum EM propagation
through the Si substrate is found to be� 6 � m for a minimal computational time
duration. The 3 � m boxes above the transmitter and below the receiver are perfectly
matched layers (PML) or absorbing/scattering boundary conditions, which ensures
continuous EM propagation and no back re
ection for all frequencies, incident angles,
and polarization. The transmitter's PML medium is air, while the receiver's one is
Si.

In the �rst set of simulations, incident x-polarized plane EM waves are selected in
correspondence with the resonators' parallel direction. The listener is also polarized
the same as the transmitter. The selected frequency range is 0.2-2.5 THz with a
resolution of 25 GHz which reduces to 5 GHz only between 0.65-0.90 THz for more
precise calculations around the resonant frequency. The E-�eld resonance clearly
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(a)

(b) (c)

Figure 3.3: (a) Simulated normal Ez-�eld calculated at 500 nm above the top-gate Au
stripe and the resonant frequency for� graphene = 0.2 mS. Using the same parameters
as in (a), simulated E-�eld at z=-175 nm for � graphene = 0.2 mS (a) and 1.6 mS
(b) indicating o�- and on-states, respectively. Only Ez-�eld strength is indicated by
colours, while E-�eld in all directions is shown by arrows. The incident �eld isx-
polarized for all three plots.

appears at about 0.80 THz shown by the simulated transmission and re
ection spectra
plotted in �g. 3.2a. No resonances exist for incident E-�elds polarized perpendicular to
the SRs' orientation as shown in �g. 3.2b. The S21 has a spectral phase that follows
a derivative-like shape as shown in �g. 3.2c, while S11 and S21 spectral phases are
plotted in �g. 3.2d for the orthogonal polarization. A range of graphene conductivity
(� graphene) is also swept between 0.2-1.6 mS with steps of 0.1 mS. This� graphene range
does match very well with the same experimentally accessible range as previously
demonstrated in (Stephen J. Kindness et al., 2019; Stephen J. Kindness et al.,
2020a; Zaman et al., 2022a; Zaman et al., 2022b; Zaman et al., 2023). Based on
the literature and testing experience of> 100 devices realized in recent years, we
are con�dent that the conductivity range accessible experimentally will be in this
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(a) (b)

Figure 3.4: S21 spectra of amplitudes (a) and phases (b) for various graphene
conductivities (� graphene ).

range. The two split capacitive dipoles are resonating when excited with external EM
incident waves as illustrated by the normal E-�eld at resonance shown in �g. 3.3a.
At � graphene = 0.2 mS, the resonating E-�eld is condensed in the capacitive parallel
plates causing the strongest damping of the resonant frequency. At this� graphene,
the graphene's conductivity reaches its Dirac point (minimum conductivity) where
absorption of E-�eld is maximized. It is also referred to as an o�-state throughout
this thesis as presented in �g. 3.3b. On the other hand, an on-state occurs when
� graphene=1.6 mS causing an undamped resonance while E-�eld is distributed amongst
the entire graphene sheet as shown in �g. 3.3c. In this case, E-�eld strength is
increased at the center of the graphene sheet and its conductivity is away from
the Dirac point. S21 spectral amplitude can exceed a damping voltage depth of
> 7.8 dB at resonance between� graphene from 0.2 to 1.1 mS as shown in �g. 3.4a,
which are experimentally accessible by acting on graphene. Over the same range of
� graphene, S21 spectral phases are continuously tuned by> 38o as shown in �g. 3.4b at
0.75 THz. Consequently, these simulation results strongly support the potential for
achieving> 80% in amplitude modulation depth and> 45o in continuous phase shifts
of transmitted THz spectra.

3.2 Frequency response using LTspice ®

The equivalent circuit model is reconstructed in order to investigate the recon�gura-
tion speed's bottleneck of this structure. A single unit-cell circuit has capacitance and
resistance components as described in (Yaxin Zhang et al., 2015; Y. Zhao et al., 2019a)
and shown in �g. 3.5a. Additionally, the parallel unit-cells lumped circuit model
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(a) (b) (c)

(d)

Figure 3.5: (a) Single unit-cell circuit for the 2DEG device in (Yaxin Zhang et al.,
2015; Y. Zhao et al., 2019a). (b) parallel unit-cells lumped model as described in
(Jessop et al., 2016). (c) Equivalent circuit model of the gated SRs/graphene device.
(d) Simulated transfer function measured across a single resonator's gate-to-source
capacitance for values of CGS/GD = 34 fF, 334 fF, and 3334 fF.

is calculated based on (Jessop et al., 2016) and as plotted in �g. 3.5b. Therefore,
the gated SRs with graphene circuit is shown in �g. 3.5c. The RS, Cg, and RD

variables are source-to-graphene resistivity, graphene layer capacitance, and graphene-
to-drain resistivity, respectively. The second row in the circuit model consists of gate-
to-source/drain resistivities (RGS/GD ) and gate-to-source/drain capacitors (CGS/GD ).
COMSOL Multiphysics® software is used to extract the CGS/GD values as explicitly
mentioned in (S. Kindness, 2020; Jessop et al., 2016). The entire array's parasitic
capacitance (CGD-Pad ) is placed parallel to the unit-cell's circuit model following the
method described in (Jessop et al., 2016). All of the circuit elements are biased by
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Table 3.2: Equivalent circuit variables

Parameter Value (Unit)
CGD-Pad 1.25 fF

CGS 34, 344, and 3444 fF
CGD 34, 344, and 3444 fF
Cg 1200 fF

RGS 1.2 

RGD 1.2 

RS 0.5 

RD 0.5 

R2 30 


an AC voltage source with a 30 
 output impedance. Di�erent internal capacitance
values for the gate to source/drain (CGS/GD ) are inserted to simulate the transfer
function taken across CGS/GD . All variables are summarized in table 3.2. The
correspondence -3 dB cut-o� frequencies are simulated to be 0.77 GHz, 7.7 GHz, and
77 GHz as shown by the transfer function for CGS/GD = 3444, 344, 34 fF, respectively,
as plotted in �g. 3.5d.

3.3 Optical lithography mask design

AutoCAD 2019 software is used to write the required features to realize the patterns
of the double-gated SRs modulator. Di�erent layers in the AutoCAD drawings,
indicated by di�erent colours, correspond to metallic or non-metallic regions in the
�nal fabricated chrome mask. In the �nal production, a fully covered area by chrome
is to be inside for the green layer or outside for the red layer of any closed shape
(see �g. 3.6). The uncovered areas are to be transparent quartz glass. Based on
the fabrication steps, di�erent features are prepared along with a large graphene
patch covered with a dielectric square layer to be fabricated on the same chip as
illustrated in �g. 3.6a. The SRs are arranged in a nested scheme where the graphene
and dielectric rectangular patches are to be positioned within the center of the SRs'
gap during fabrication as shown in �g. 3.6b. The top-gate array is prepared in a
separate AutoCAD �le, which can be uploaded directly to the E-beam machine as
shown in �g. 3.6c. It is designed in such a way to pass around the source and drain
dipoles in a zigzag fashion in order to minimize the fabrication steps where the whole
gated SRs device can be prepared in a single layer instead of a double-layer structure
as illustrated in �g. 3.6d. It will be aligned afterward to the center of the SRs' gap
where its width shrinks from 4 � m to 1.5 � m when passing through the SRs' gap

35



Chapter 3. Simulation and fabrication of the gated MMs/graphene resonators
3.4. Fabrication procedure

(a) (b)

(c) (d) (e)

Figure 3.6: AutoCAD drawings for optical lithography mask showing (a) a complete
array (left) and graphene patch (right), (b) SRs dimensions (red) with graphene and
dielectric features (green), (c) top-gate array dimensions, (d) SRs (red) in a nested
scheme and top-gate (green) in a zigzag loop, and (e) top-gate stripe dimensions when
passes through the center of the SRs' gap. Note: all dimensions are in� m.

as plotted in �g. 3.6e. The �nal prepared drawings for the optical mask were sent
for production by Compugraphics Photomasks Inc. The optical mask was fabricated
using an electron beam (E-beam) lithography system with a resolution of 250 nm.
The lithographic mask's features are made of chrome on a 4� 4 inches quartz glass.

3.4 Fabrication procedure

3.4.1 Graphene growth and patterning

The fabrication process was accomplished in collaboration with the Cavendish
Laboratory and the Department of Engineering at the University of Cambridge,
Cambridge, United Kingdom. Part of the fabrication process was done in the
Quantum Technology Cleanroom (QTC) at the Physics Department at Lancaster
University. The QTC has two rooms of classi�cations which are ISO 5 (Class 100)
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(a) (b)

Figure 3.7: Schematic pictures of a single unit-cell (a) and a complete array (b)
showing their dimensions.

and ISO 6 (Class 1000). The monolayer of graphene was grown by Prof. Stephan
Hofmann's group at the University of Cambridge. A monolayer of graphene was grown
via the chemical vapor deposition (CVD) technique on commercial Cu foil membranes
before being transferred onto about 5� 5 mm2 SiO2/p-Si samples. Using H2 annealing
could help reduce the oxidization of graphene as described in (Burton et al., 2019).
The substrate of choice was a commercially available 500� m thick slightly p-doped
(boron dopant) Si. The doping level of the substrate can be increased to enhance the
switching speed, but it would introduce more losses to the transmitted THz waves.
Thus, the doping level is compromised to allow for back-gating and minimal power
attenuation. The substrate wafer comes with a pre-deposited 300 nm thickness of SiO2

for electrical isolation. The gated resonators are fabricated with total dimensions as
illustrated in �g. 3.7a. One complete array consists of 20 (columns)� 22 (rows)
of resonators in an interdigitated arrangement with a total size of 1.3� 1.2 mm2 as
shown in �g. 3.7b. The fabrication process is summarized as follows:

ˆ Graphene monolayer growth and transfer on about 5� 5 mm2 SiO2/p-Si samples

ˆ Alignment marks metals evaporation

ˆ Graphene patches pattering for shunting the resonators

ˆ Source and drain metals evaporation
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