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Abstract 

This thesis investigates the nonlinear optical behavior of graphitic materials in the terahertz (THz) 

frequency regime, with a focus on enhancing and understanding strong-field light–matter interactions in 

graphene and its derivatives, including graphene oxide (GO) and its reduced forms. By integrating 

theoretical modeling, numerical simulations, device fabrication, and experimental investigations of 

nonlinear THz phenomena, this work explores THz pulse manipulation and establishes a comprehensive 

platform for scalable and tunable THz nonlinear photonics. 

We begin by establishing the theoretical foundations of THz nonlinear optics, including the derivation of 

the nonlinear wave equation, analysis of second- and third-order polarization responses, and the dynamics 

of carrier heating and saturable absorption in Dirac materials such as graphene. These concepts are 

experimentally realized using a high-field table-top THz system based on tilted-pulse-front optical 

rectification and electro-optic sampling. A key challenge in this regime—the detection of weak nonlinear 

signals amid broadband excitation in a noisy system—is addressed through the design and fabrication of 

metamaterial-based THz spectral filters featuring octave-wide bandwidths and high extinction ratios. These 

custom-built devices are engineered to shape the spectral content of the THz beam, enhance spectral 

isolation, and significantly improve detection sensitivity. In particular, a configuration of lowpass and 

highpass filters is developed to selectively transmit generated harmonic signals while suppressing the strong 

pump background, enabling reliable measurement of weak high-harmonic generation in subwavelength 2D 

samples. 

Using this system, we demonstrate a multi-strategy platform for enhancing third-harmonic generation 

(THG) in graphene, integrating three complementary approaches: (i) stacking decoupled multilayer 

graphene sheets to increase the light–matter interaction length, (ii) applying electrical gating to dynamically 

modulate carrier density and optimize nonlinear conductivity, and (iii) coupling graphene with plasmonic 

metasurfaces to achieve strong local field enhancement. The synergy of these strategies leads to up to two 

orders of magnitude enhancement in THG efficiency, underscoring the critical role of both structural and 
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electronic tunability. Despite these gains, further improvement is limited by graphene’s intrinsic linear 

absorption, which restricts the effective interaction length beyond a few layers. This motivates the use of 

alternative low-loss, tunable materials such as graphene oxide (GO), which combines reduced THz 

absorption, chemical flexibility, and access to nonlinear regimes beyond those of pristine graphene. 

We next explore GO, a chemically functionalized derivative of graphene that features lower THz absorption 

and local symmetry breaking due to the presence of oxygen-containing functional groups. These groups 

can be gradually removed through chemical or thermal reduction, allowing for continuous tuning of GO’s 

optical properties. Our experiments reveal a distinct nonlinear regime in GO, marked by the coherent 

generation of both odd and even-like harmonics, as well as a unique saturable transmission behavior under 

intense THz excitation. To interpret these effects, we develop a phenomenological two-level system model 

that accurately captures the field-dependent transmission response. This analysis identifies saturable 

transmission as a new symmetry-defying mechanism for wave mixing in functionalized 2D materials, 

enabling the generation of even-like harmonics without requiring long-range structural asymmetry. 

Together, the results presented in this thesis establish graphitic materials—both pristine and 

functionalized—as versatile platforms for advancing nonlinear optics in the terahertz regime. By combining 

material engineering, device fabrication, and nonlinear spectroscopy, this work delivers a unified 

framework for probing and enhancing THz-driven light–matter interactions in 2D systems. The multi-

strategy enhancement approaches for graphene, the discovery of novel nonlinear behavior in graphene 

oxide, and the implementation of spectral filtering and modeling tools all contribute to a powerful 

experimental and theoretical platform. This platform not only deepens our understanding of strong-field 

physics in low-dimensional materials, but also lays the groundwork for next-generation THz photonic 

technologies, including reconfigurable frequency converters, modulators, and integrated nonlinear devices. 
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Chapter 1 

Introduction 

1.1 Terahertz nonlinear optics 

The terahertz (THz) region of the electromagnetic spectrum, typically defined between 0.1 THz 

and 10 THz, has emerged as a rapidly evolving frontier in science and technology [1]. Situated 

between the microwave and infrared regions, THz radiation uniquely bridges high-speed 

electronics and long-wavelength photonics (Fig. 1.1). Historically referred to as the "terahertz gap" 

due to the absence of efficient sources and detectors, this spectral range has undergone a 

transformative evolution over the past two decades, driven by breakthroughs in solid-state 

electronics, optoelectronics, and nonlinear optical techniques [2,3]. 

Figure 1.1 Electromagnetic spectrum indicating the terahertz (THz) range between 0.1 and 10 THz, 

plotted as a function of frequency (ν) and wavelength (λ). This region is commonly referred to as 

the transitional gap between infrared photonics and microwave electronics. 

THz radiation offers several distinctive advantages. Its non-ionizing nature and ability to penetrate 

many non-metallic and non-polar materials make it ideal for applications in imaging, spectroscopy, 

communications, and security [4]. Unlike X-rays, THz waves pose minimal health risks while 

providing comparable penetrative capabilities, enabling non-destructive testing and biomedical 

imaging [5]. Moreover, THz waves are highly sensitive to molecular vibrations and rotational 
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transitions, allowing for precise chemical identification—positioning THz spectroscopy as a 

powerful tool in material science, biochemistry, and pharmaceutical analysis [1,5]. 

Nonlinear optics in the THz region has emerged as a promising field with diverse scientific and 

technological applications, including the development of advanced optical devices, imaging 

systems, and materials characterization platforms [6–8]. The interaction of intense THz fields with 

nonlinear media enables access to ultrafast carrier and phonon dynamics in solid-state systems 

[9,10]. One of the key processes in this context is high-harmonic generation (HHG), in which new 

photons are produced at integer multiples of the incident THz frequency, offering a route to 

broadband THz-to-optical frequency conversion [11,12]. These phenomena not only deepen our 

understanding of light–matter interactions under strong fields but also hold potential for ultrafast 

switching, frequency comb generation, and coherent control of electronic and lattice systems. 

Efficient THz generation and detection typically rely on second-order and third-order nonlinear 

optical processes [13–15]. Optical rectification and difference frequency generation are widely 

used to produce broadband THz pulses by mixing femtosecond laser pulses in nonlinear crystals 

[16,17]. The introduction of tilted-pulse-front techniques has further improved phase matching and 

conversion efficiency, enabling high-field THz generation over wide bandwidths [16,18]. On the 

detection side, electro-optic sampling—based on the Pockels effect—provides a coherent, phase-

resolved method for measuring time-domain THz waveforms with femtosecond resolution [16,19]. 

Despite substantial progress in THz nonlinear optics, challenges remain in improving efficiency, 

tunability, and integration of THz systems. Nonlinear generation processes often suffer from low 

conversion efficiency and stringent phase-matching requirements, while femtosecond laser systems 

remain costly and complex. Addressing these limitations will require new strategies in material 

design, device engineering, and nonlinear signal enhancement. These efforts are critical for 

advancing compact, scalable, and high-performance THz technologies capable of enabling the next 

generation of ultrafast photonic and electronic systems. 
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1.2 Metamaterials in THz photonics 

Metamaterials—artificial structures composed of subwavelength elements—have emerged as 

transformative components in THz science [20,21]. Unlike conventional materials, their 

electromagnetic behavior is determined by geometry rather than composition, enabling control over 

wave propagation in ways not achievable with natural media [22]. Metamaterials can be engineered 

to exhibit unusual optical properties such as negative refractive index, near-unity absorption, and 

custom dispersion characteristics, all of which are critical for THz applications [23,24]. 

In the THz regime, where conventional materials often suffer from strong losses and limited 

bandwidth, metamaterials offer a powerful alternative for manipulating THz waves [25,26]. Their 

resonant elements confine electromagnetic energy to deep subwavelength volumes, leading to 

strong field localization and enhancement [27,28]. These properties are exploited in a wide range 

of THz components including lenses, modulators, polarizers, and particularly, spectral filters [29– 

31]. The ability to tailor the frequency response and polarization state of THz pulses enables precise 

spectral shaping, vital for both time-domain and frequency-domain spectroscopy [21,32]. 

One of the key strengths of metamaterials lies in their ability to enhance nonlinear optical effects 

[33,34]. Nonlinear processes such as HHG, optical rectification, and frequency mixing benefit 

significantly from the strong local fields and engineered phase-matching conditions that 

metamaterials provide [35,36]. For example, structures such as split-ring resonators (SRRs) and 

asymmetric unit cells have been shown to amplify THz fields by orders of magnitude, thus enabling 

efficient nonlinear conversion even in ultrathin samples [36,37]. 

This thesis leverages metamaterial architectures to enhance THz nonlinear processes through the 

design and fabrication of resonant metasurfaces. In particular, octave-wide THz bandpass filters 

based on bilayer metasurface designs [31] are developed, featuring tailored transmission profiles 

and sharp spectral roll-offs. To further improve filtering performance, a variety of multilayer 

spectral filters were designed and implemented throughout different stages of the experiments. 
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These filters provided strong attenuation outside the target band and high spectral purity of the 

driving field, which significantly enhanced the detection sensitivity for weak nonlinear signals. 

1.3 Graphitic materials for THz nonlinear optics 

Graphitic materials—including graphene, and its derivatives—have attracted growing attention in 

the field of nonlinear optics, particularly in the THz regime [38,39]. These two-dimensional (2D) 

carbon-based materials exhibit exceptional properties such as high carrier mobility, broadband 

optical absorption, mechanical flexibility, and strong light–matter interaction [40–43]. Graphene, 

consisting of a single atomic layer of sp²-bonded carbon atoms arranged in a honeycomb lattice, 

possesses a linear band structure near the Dirac point and a zero bandgap, enabling ultrafast 

electronic and optical responses [44,45]. Its electronic properties are highly tunable through 

chemical doping, electrostatic gating, or substrate engineering, making it an ideal platform for 

optoelectronic and photonic devices [45,46]. 

In the context of THz nonlinear optics, graphene offers unique advantages. Its gapless and linear 

dispersion enables efficient carrier excitation under intense THz fields, resulting in pronounced 

nonlinear responses such as saturable absorption, optical Kerr effect, and high-harmonic generation 

(HHG) [38,47,48]. The ability to dynamically modulate its Fermi level through gating allows for 

real-time control over its nonlinear optical behavior, facilitating the development of adaptable and 

high-speed THz modulators and frequency converters [49,50]. 

Graphene oxide (GO), a chemically modified form of graphene containing oxygen functional 

groups, introduces additional functionality to the nonlinear optical landscape [51,52]. The presence 

of these functional groups breaks the lattice symmetry and opens an effective bandgap, which 

enables both centrosymmetric and non-centrosymmetric optical processes. As a result, GO exhibits 

enhanced third-order nonlinearities and has shown promising second-order responses such as 

second-harmonic generation, which are typically forbidden in pristine graphene [53–56]. 

Moreover, the degree of oxidation and reduction in GO can be tuned to tailor its electronic structure 
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and nonlinear susceptibility, making it a flexible material for THz applications where both 

symmetry breaking and high nonlinearity are desired. 

Furthermore, the integration of these graphitic materials with THz metamaterials enables the 

creation of hybrid structures that combine the tunability of 2D systems with the field-enhancing 

capabilities of engineered resonators [36]. Such hybrid platforms provide a promising route toward 

compact, reconfigurable, and efficient THz nonlinear devices, and form a central focus of the 

investigations presented in this thesis. 

In summary, the unique combination of strong nonlinearity, broadband tunability, and 

compatibility with integrated photonic platforms makes graphene and its derivatives compelling 

candidates for advancing THz nonlinear optics. However, challenges such as symmetry restrictions 

and strong absorption in pristine graphene motivate the exploration of functionalized variants like 

GO. The presence of oxygen functional groups not only introduces local symmetry breaking, but 

also reduces linear absorption, enabling thicker films and stronger nonlinear interaction. Moreover, 

the solution processability of GO and its compatibility with scalable device fabrication make it a 

flexible material platform. The following chapters will explore these concepts in greater depth 

through theoretical modeling, experimental characterization, and device-level implementation. 

1.4 Problem statement and research objectives 

The field of nonlinear THz optics has advanced significantly in recent years, with landmark studies 

demonstrating strong-field phenomena such as HHG, saturable absorption, and electrically tunable 

nonlinear responses in graphene and Dirac materials under intense THz excitation [36,38,49,57]. 

However, these experiments typically rely on large-scale accelerator-based THz sources, such as 

the TELBE facility, which can produce high-field, narrowband THz pulses with high repetition rate 

and excellent signal-to-noise ratio. Despite their exceptional performance, such sources are not 

readily accessible to the broader research community due to their infrastructural complexity and 

limited availability. 
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In contrast, table-top THz sources based on optical rectification are far more accessible and cost-

effective, but they present several critical limitations for nonlinear optical experiments. These 

systems typically generate broadband THz pulses, which are suboptimal for studying frequency-

specific nonlinearities like harmonic generation. Moreover, their coherent detection schemes often 

suffer from background noise and detection bandwidth limitations, complicating the extraction of 

weak nonlinear signals. 

A further challenge lies in the low magnitude of THz-induced nonlinearities in ultrathin 2D 

materials, which limits their practical applicability in frequency conversion and other nonlinear 

THz photonic devices. While graphene exhibits strong THz nonlinearity, its high linear absorption 

imposes restrictions on light–matter interaction length, especially in multilayer configurations. This 

trade-off motivates the search for alternative or complementary materials that can sustain long 

interaction lengths while retaining strong nonlinear response. 

This thesis addresses the above challenges through the following scientific and technical objectives: 

1. To enable THz nonlinear experiments using accessible table-top THz sources by overcoming 

the limitations of their broadband spectrum and high noise. This is achieved by implementing 

custom-designed THz spectral filtering strategies, including high-pass and bandpass 

configurations, to isolate the pump frequency, suppress unwanted spectral components, and 

reduce background noise. 

2. To design and fabricate advanced THz spectral filters based on plasmonic metasurface 

architectures, enabling strong stopband attenuation, sharp spectral roll-offs, and reproducible 

performance across a wide THz bandwidth. These filters are integrated before and after the 

nonlinear sample to optimize the spectral profile of both the pump and the generated signal. 

3. To enhance the efficiency of nonlinear THz interactions in 2D materials through a combination 

of: 
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o Multilayer stacking to increase the effective interaction length 

o Electrostatic gating to dynamically tune the carrier density and nonlinear susceptibility 

o Metasurface-enhanced field confinement to locally boost the driving field amplitude 

4. To investigate and establish graphene oxide (GO) as a viable alternative platform for nonlinear 

THz photonics. Unlike graphene, GO exhibits significantly lower linear THz absorption, 

enabling the use of thicker films and extended interaction volumes. This makes it an attractive 

material for practical implementation of THz nonlinear devices. 

Together, these objectives define a comprehensive strategy for advancing THz nonlinear optics 

using scalable, accessible, and integrable material platforms and photonic structures. 

1.5 Thesis outline 

This thesis is organized into seven chapters, each addressing a critical aspect of THz nonlinear 

optics in graphitic materials: 

Chapter 1 introduces the context and motivation for studying nonlinear THz interactions in low-

dimensional materials. It provides an overview of the potential of graphitic systems and 

metamaterials in supporting and enhancing strong-field nonlinear optical phenomena in the THz 

frequency range. 

Chapter 2 presents the theoretical framework underlying nonlinear THz optics. It includes the 

derivation of the nonlinear wave equation, descriptions of second- and third-order nonlinear 

polarizations, and mechanisms of optical rectification and tilted-pulse-front THz generation. Key 

concepts such as saturable absorption, carrier dynamics, and light–matter interaction models for 

graphene are also covered. Additionally, the chapter discusses the linear and nonlinear optical 

properties of graphene oxide and its reduced forms, highlighting their unique responses under THz 

excitation. This chapter forms the basis for interpreting the nonlinear effects studied experimentally 

in later chapters. 
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Chapter 3 outlines the experimental methodologies employed throughout the thesis. A high-field 

THz setup based on optical rectification using the tilted-pulse-front technique is described, 

including the laser source, nonlinear crystal, and THz beam path configuration. The fabrication of 

graphitic samples—CVD-grown graphene, multilayer architectures, and graphene oxide—is 

detailed, as is the design and fabrication of metamaterial-based spectral filters. Device integration 

steps, such as graphene transfer and gating using polymer electrolytes, are also presented. 

Chapter 4 presents the design and implementation of octave-wide THz spectral filters based on 

bilayer plasmonic metasurfaces, previously published in Photonics Research [31]. The chapter 

includes FDTD simulations, fabrication steps, and experimental characterization of the filters. 

These devices enable spectral shaping and noise reduction, improving the sensitivity of THz 

harmonic measurements. Performance metrics such as transmission bandwidth, roll-off steepness, 

and fabrication repeatability are discussed. 

Chapter 5 presents a comprehensive strategy for enhancing third-harmonic generation (THG) in 

graphene, as reported in Light: Science & Applications [47]. Three approaches are systematically 

explored: multilayer stacking to extend light–matter interaction, electrostatic gating to modulate 

carrier density, and plasmonic metasurface integration to locally enhance THz fields. These 

methods result in up to two orders of magnitude enhancement in THG efficiency. Modeling and 

experimental data reveal how nonlinear response scales with layer count and doping, and a hybrid 

architecture is proposed to maximize field confinement and tunability. 

Chapter 6 investigates the nonlinear optical response of graphene oxide (GO), reduced graphene 

oxide (rGO), and highly reduced graphene oxide (hrGO) under intense THz excitation. Using a 

table-top high-field THz system, odd and even-like harmonics up to the 5th order are observed, with 

even-like harmonic components diminishing as the material transitions from GO to hrGO. The 

roles of oxygen functional groups, film thickness, and reduction level are systematically explored. 

Power-dependent transmission measurements reveal a unique saturable absorption behavior in GO, 
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which is accurately modeled using a phenomenological two-level system. These findings position 

oxidized graphitic materials as tunable, symmetry-broken platforms for nonlinear THz photonics. 

Chapter 7 concludes the thesis by summarizing the key scientific contributions and technological 

innovations developed throughout the work. It highlights the progression from foundational theory 

and spectral filtering to multi-strategy THG enhancement and the discovery of new nonlinear 

regimes in functionalized 2D materials. The chapter also outlines future directions, including the 

integration of 2D materials with electronic THz sources, the exploration of new nonlinear processes 

in the THz regime, and the development of chip-scale, reconfigurable nonlinear photonic devices 

enabled by hybrid graphitic–metamaterial platforms. 
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Chapter 2 

Theory 

2.1 Fundamentals of THz nonlinear optics 

Nonlinear optics explores the behavior of materials exposed to high-intensity electromagnetic 

fields, where the response of the medium becomes nonlinear with respect to the electric field. In 

the THz frequency regime, nonlinear phenomena such as high-harmonic generation (HHG), optical 

rectification, and nonlinear absorption are crucial to the generation, manipulation, and detection of 

THz waves. At low field intensities, the material response is governed by a linear relationship 

between the induced polarization ( )  P t (dipole moment per unit volume) and the applied electric 

field ( )  E t , described by [12]: 

(1) 
0( )  ( ),P t  E tε χ=   (2.1.1) 

Here, χ(1) is the linear susceptibility of the medium and 0 ε is the vacuum permittivity. The tilde (~) 

denotes rapidly varying quantities in time. However, under intense excitation—such as with 

ultrafast or high-field THz pulses—the polarization becomes nonlinear, requiring higher-order 

contributions to be included. In such cases, the total polarization is expressed as a power series in 

the electric field: 

(1) (2) 2 (3) 3
0( )  ( )  ( )  ( )P t  E t  E t  E tε χ  χ χ = + + +  

    


(2.1.2) 

Each term in this expansion corresponds to a distinct order of material response: 

• The first-order term, (1) (1) 
0( )  ( ),P t  E tε χ=   describes linear optical effects such as refraction 

and absorption. 
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• The second-order term, (2) (2) 2 
0( )  ( ),P t E tε χ=   gives rise to second-order nonlinear processes, 

including second-harmonic generation (SHG), sum-frequency generation (SFG), difference-

frequency generation (DFG), and optical rectification (OR). These effects can only occur in 

non-centrosymmetric media, meaning materials whose structure is not invariant under 

inversion through a point (i.e., they lack inversion symmetry), which allows second-order 

nonlinear responses. 

• The third-order  polarization (3) (3) 3 
0( )  ( ),  P t  E tε χ=   governs phenomena such as  third-

harmonic generation (THG), the Kerr effect, self-phase modulation (SPM), and saturable 

absorption. Unlike second-order processes, third-order nonlinearity is present in all materials, 

including centrosymmetric materials like monolayer graphene. 

The nonlinear susceptibilities χ(n) are complex, frequency-dependent tensor quantities that depend 

on the electronic structure, crystal symmetry, and external conditions such as doping, temperature, 

or applied electric fields [12]. These nonlinear responses generate new frequency components do 

not present in the driving field and can significantly alter the spectral and temporal characteristics 

of propagating optical pulses. 

In the THz regime (0.1 to 10 THz)—where photon energies typically lie between 0.4 and 40 meV— 

unique physical mechanisms emerge. These include intraband carrier dynamics, strong-field-driven 

transitions, carrier heating, and field-induced symmetry breaking [48]. This section establishes the 

theoretical foundation needed to understand such phenomena. The following subsections derive the 

nonlinear wave equation and describe how second- and third-order effects manifest in harmonic 

generation, especially in two-dimensional materials such as graphene. 

2.1.1 Derivation of the nonlinear wave equation 

To understand how nonlinear optical effects emerge and propagate in a medium, we begin with 

macroscopic Maxwell’s equations in a non-magnetic medium [12]: 
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( , )( , ) (Faraday s law) 

( , )( , ) ( , ) (Ampere-Maxwell la

(

w) 

( , ) 0 Gauss s law for magnetism) 
( , ) ( , ) (Gauss s law) 

f

f

B r t  E r t  
t 

D r t  H r t  J r t  
t 

B r t  
D r t  r tρ

∂ ′∇⋅  = −  
∂

∂
∇⋅  = +  

∂
′∇ ⋅  =
′∇ ⋅  =

 




 



 
 

  



 


  

(2.1.3) 

Where ,( )f r t  ρ 
 represents the free charge density, and ),(fJ r t  

 
 

denotes the free current density. 

In the absence of free charges and currents ( 0,( )f r t  ρ = 
 and 0,( )fJ r t  = 

 
 

), the medium's 

neutrality ensures that the fields can induce polarization, defined through the constitutive relations: 

0 

0 

( , ) ( , ) ( , ) 
( , ) ( , ) 

D r t  E r t  P r t  
B r t  H r t  

ε
∝

= + 

=

  

   
 

  (2.1.4) 

Here, ε0 and 𝜇𝜇0 denote the permittivity and permeability of free space, respectively. To derive wave 

equations, we start with Farady’s law and take the curl of both sides: 

( ( , )) ( ( , ))E r t  B r t  
t 
∂ 

∇⋅ ∇⋅  = −  ∇⋅  
∂

 

  
(2.1.5) 

Using constitutive relation ( 0 (( , ) , )B r  t  t H r∝= 
 

  
) and substituting Ampère–Maxwell law ( 

0 0 
D B J 
t 

∝ ∝ 
∂

∇⋅  =  +  
∂



 

 ) in dielectric ( 0J = 
 

) into Eq. 2.1.5 we get: 

( ) 
2 

0 2 

( , )( , ) D r t  E r t  
t 

∝ 
∂

∇⋅  ∇⋅  = −
∂

 




 
(2.1.6) 

Expanding ( , )D r t 
 
 

using its constitutive relation (Eq. 2.1.4) and polarization into its linear (1)P
 

and nonlinear NLP
 

components, we write: 

(1) NL 
0( , ) ( , ) ( , ) ( , )D r t  E r t  P  r t  P  r tε= + + 

   

    
(2.1.7) 

The left-hand side of Eq. 2.1.6 simplifies using the vector identity: 

( ) ( ) 2 2)( ,  )  ( , )  ( , ( , )E r t  E r t E r t  E r t∇⋅  ∇⋅  = ∇  ∇⋅  −∇ ≈ −∇  
   

    
(2.1.8) 
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The resulting nonlinear optical wave equation becomes: 

( )
2 

2 (1) NL 
2 2

0 

1 1( , ) ( , ) ( , ) ( , )E r t  E r t  P  r t  P  r t  
c t  ε 

 ∂ 
∇ = + +  ∂   

   

    
(2.1.9) 

Noting the 𝜇𝜇0 ε0 = 1/ 𝑐𝑐2 , where c is the speed of light in vacuum, the contribution in nonlinear media 

leads to: 

2 2 
2 NL 

2 2 
0 

2 2 
0 

1 1( , ) ( , ) ( , )E r t  D r t  P  r t  
t tc cε 
∂ ∂ 

∇ − = − 
∂ ∂

  

   


(2.1.10) 

For the case of a lossless, dispersionless medium, the displacement relation reduces a simple form 

(
0 

1)( )  ( )D t  E tεε ⋅= 
  

(2.1.11) 

Where (1) ε is the frequency-independent dielectric tensor. While in the case of a dispersive 

medium, each frequency component of the field should be considered. To analyze the nonlinear 

response in this medium, the electric field and polarization can be decomposed into their frequency 

components: 

( , ) ( ) c.c ,. n i t 
n 

n 
E r t  E  r e  ω−= +∑ 
 

  
(2.1.12) 

NL NL( , ) ( ) c.c.,n i t 
n 

n 
P r t P r e ω−= +∑ 
 

  
(2.1.13) 

c.c. is the complex conjugate term. By considering the general form of dissipative medium, the 

dielectric tensor (1) ε will be a complex quantity. Substituting these expressions into Eq. 2.1.10 

results in the wave equation in the frequency domain: 

2 (1) 2 
2 NL 

2 2 
0 

( ) ( ) ( )  ( )n n n 
n n n r rE E P 

c c 
r ω ε  ω  ω  

∇ + ⋅ = − 
 

  

 


(2.1.14) 

This equation, often referred to as the nonlinear Helmholtz equation, forms the basis for 

understanding wave propagation and frequency generation in nonlinear optical media. It highlights 

that nonlinear polarization functions as a source term that radiates new frequency components. In 

centrosymmetric materials such as pristine monolayer graphene, the second-order susceptibility χ(2) 
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vanishes under the electric-dipole approximation, making third-order effects governed by χ(3) the 

dominant mechanism—most notably THG. In contrast, materials like graphene oxide, which 

exhibit local inversion symmetry breaking due to chemical functionalization, can support both 

even- and odd-harmonic generation. These nonlinear phenomena are further explored through 

theoretical modeling and experimental investigations in later chapters. 

2.1.2 Second-order nonlinear polarization 

To analyze second order nonlinear interactions involving two distinct frequencies ω1 and ω2, we 

consider an electric field of the form: 

1 2 
1 2( , ) ( ) ( ) c.c. i t i  tE r t  E  r e  E  r e  ω ω− −= + + 
 

  

 (2.1.15) 

The nonlinear polarization at second order, as dictated by the susceptibility tensor χ(2) can be 

written: 

(2) (2) 
0( , ) ( , ) ( , )i ijk j k

jk 
P r t  E  r t E  r tε χ= ∑ 

 

  

 (2.1.16) 

Substituting the electric field and expanding the product 1 2 ) ( ) ( j k E Eω ω
  

, we obtain several 

nonlinear polarization components corresponding to different physical processes. In what follows, 

we denote ω3 as the frequency of the generated nonlinear polarization term, which results from the 

interaction of two input frequencies ω1 and ω2 . The exact form of ω3 depends on the specific 

nonlinear process under consideration as detailed below: 

1. Second-harmonic generation (SHG): 

(2) (2) 
0(2 ) (2 ; , ) ( ) ( )i ijk j k 

jk 
P E Eω ε  χ ω ω ω  ω ω= ∑ (2.1.17) 

Where 1 2 3 2ω ω ω ω ω= = ⇒ = . This term represents the basis for SHG, where two photons at 

the same frequency (ω) combine to produce a single photon at twice the frequency (2ω). 

2. Sum-Frequency Generation (SFG): 
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(2) (2) 
1 2 0 1 2 1 2 1 2( ) ( ; , ) ( ) ( )i ijk j k 

jk 
P E Eω ω  ε  χ  ω ω ω ω  ω  ω+ = +∑ (2.1.18) 

Here, 3 1 2 ω  ω ω= + . This term describes the generation of a photon whose frequency is the sum of 

two distinct input frequencies. 

3. Difference-Frequency Generation (DFG): 

(2) (2) * 
1 2 0 1 2 1 2 1 2(| |) (| |; , ) ( ) ( )i ijk j k

jk 
P E Eω ω  ε  χ  ω ω ω ω  ω  ω− = − −∑ (2.1.19) 

Where 3 1 2| |ω ω ω= − . This term represents difference-frequency generation, where the resulting 

photon has a frequency equal to the difference between the two input frequencies. When ω1=ω2, 

the DFG process results in a DC polarization component, which gives rise to optical rectification, 

crucial for THz generation. 

Figure 2.1 schematically illustrates the main second-order nonlinear processes: SHG, SFG, and 

DFG, along with their energy-level diagrams. 

Figure 2.1 Second-order nonlinear processes in a χ(2) medium. a Physical depiction of second-

harmonic generation (SHG), sum-frequency generation (SFG), and difference-frequency 

generation (DFG) resulting from interaction of optical fields with a χ(2) material. b Energy-level 

diagrams illustrating photon conversion pathways: SHG arises from two photons at ω; SFG from 

ω1+ω2; and DFG (or optical rectification when ω1=ω2) yields an output at ω1−ω2. Figure adapted 

from  [58]. 

2.1.2.1 Terahertz generation via optical rectification 

Optical rectification (OR) is a second-order nonlinear optical process responsible for the generation 

of low-frequency electromagnetic waves when an intense ultrafast near-infrared (NIR) pulse 
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interacts with a χ(2) nonlinear medium. The underlying mechanism is DFG, where various 

frequency components within the broadband spectrum of a single femtosecond pulse mix to 

produce a new component in the THz range (see Fig. 2.2). 

Starting from the second-order nonlinear polarization associated with DFG (see Eq. (2.1.19)), we 

consider only the components that contribute to THz emission oscillating at frequency 

1 2ω ωΩ =  − . By substituting this polarization into the nonlinear wave equation (Eq. (2.1.14)), we 

obtain the wave equation governing THz generation via OR: 
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Ω Ω Ω
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 

  
(2.1.20) 

Assuming the THz field propagates along the z-axis and is time-harmonic, we express the electric 

field as: 
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where 2 (1) ,  ( )nk n
c 

εΩ 
Ω Ω 

Ω 
= = Ω . We plug it into Eq. 2.1.20. To simplify the second derivative term, 

we apply the slowly varying envelope approximation. This approximation assumes that the spatial 

variation of the envelope ( )A z Ω 

 
 is much slower than the oscillation due to the carrier wave, i.e., 
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Under this condition, the second derivative of the total field becomes: 
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(2.1.23) 

Substituting Eq. 2.1.23 into Eq. 2.1.20, we get: 
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Where 1 2( ) ( )k k  k kω ω Ω ∆ = − − . This equation illustrates how the amplitude of the THz field 

evolves along the nonlinear medium. Integration over the crystal length L yields: 
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(2.1.25) 

Assuming constant (2)PΩ


over the interaction length, this evaluates to: 
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(2.1.26) 

The intensity of the generated THz field becomes: 

2 2 2|  (  ) | sinc 
2 
kL I  A L  LΩ Ω

∆  ∝ ∝   
  

 
(2.1.27) 

This equation shows that the generation efficiency is maximized when 0 k ∆ = , leading to the 

condition for perfect phase matching. 

Figure 2.2 Schematic representation of THz generation through optical rectification, along with 

the corresponding energy-level diagram in a χ(2) nonlinear medium. 

2.1.2.2 Phase-matching condition 

Phase matching plays a critical role in all nonlinear frequency conversion processes, including SFG, 

DFG, HHG, and THz generation via optical rectification. Efficient frequency conversion relies on 

the constructive interference of the newly generated waves as they propagate through the nonlinear 

medium. This constructive interference is only sustained when the generated field at each point 
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remains in phase with that generated at other points—a condition quantified by the phase mismatch 

Δk. When Δk ≠ 0, destructive interference limits the effective interaction length, thereby reducing 

conversion efficiency. Minimizing Δk or ideally achieving Δk = 0, is therefore essential for 

maximizing the output in any nonlinear process [12]. 

In the context of optical rectification using a broadband ultrafast pulse, the generation occurs 

through difference-frequency generation, where 01ω δω ω = + and 2 0ω δω ω = − , such that, 

1 2 2 ωω ω δ− = Ω =  . Expanding the wavevectors using  a Taylor series around the central 

frequency ω0, we write: 

001( ) ( ) |dk k k
d ωω ω δω 
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(2.1.28) 
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Adding and subtracting, we find: 
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Substituting into 1 2( ) ( )k k  k kω ω Ω ∆ = − − 
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Using the definition 
0 
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= , where g v is the group velocity of the NIR pulse, and 
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is the phase velocity of the THz wave, we obtain the phase-matching condition: 

0 
0 

1 1 (  )  ( )
(  )  ( )  g 

g p

n n
v v

ω
ω

= ⇒ = Ω 
Ω 

(2.1.32) 

This result shows that efficient THz generation through optical rectification requires the group 

index of the NIR pulse to match the phase index of the THz radiation. 
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2.1.2.3 Tilted pulse front technique 

In most nonlinear crystals used for THz generation, natural phase matching is not achieved because 

the group index of the NIR pulse (ng( ω0)) does not match the refractive index of the THz wave 

(n(Ω)). To overcome this, the tilted pulse front (TPF) technique [16,18] is employed to artificially 

control the projection of the group velocity along the THz propagation axis. The idea behind this 

method is to tilt the intensity front of the NIR pulse at an angle γ with respect to the phase front. 

This tilt modifies the axial component of the group velocity to match the phase velocity of the THz 

field (see Fig. 2.3a): 

cos( ) 
NIR 

THz 

v 
v γ = (2.1.33) 

Thus, the required pulse front tilt angle is: 
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( )  
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n
n
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γ −
  

=    Ω  
(2.1.34) 

This tilt is typically introduced by using a diffraction grating, which imparts angular dispersion to 

the NIR pulse. An imaging system (such as a lens pair or cylindrical telescope) is then used to 

project this angular dispersion onto the nonlinear crystal with minimal distortion and precise 

magnification. 

Figure 2.3b shows a schematic of the tilted pulse front configuration applied to a LiNbO₃ crystal 

for THz generation. In the configuration, a diffraction grating introduces angular dispersion to a 

femtosecond NIR pump pulse with finite spatial width. Each point across the beam footprint on the 

grating is diffracted at a wavelength-dependent angle, corresponding to the spectral components 

λ0±Δλ. This angular dispersion results in a tilted pulse front, where different parts of the beam arrive 

at different positions across the transverse profile. The first cylindrical lens (L1), placed one focal 

length (f1) from the grating, causes the dispersed rays to begin converging. The second cylindrical 

lens (L2), placed a distance 2f1+f2 from the grating, reconstructs a real image of the grating — and 

thus the tilted intensity front — at its back focal plane. Only at this plane all spectral components 
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of NIR beam spatially recombine to form a well-focused beam with the designed tilt angle. The 

LiNbO₃ crystal is positioned at this exact location to receive the fully reconstructed tilted pulse 

front, ensuring optimal phase matching between the pump and THz waves. Misplacing the crystal 

from this plane results in a distorted beam geometry and reduced THz generation efficiency. 

The tilted pulse front technique can be conceptually linked to Cherenkov radiation [59,60], where 

a wave is emitted at a characteristic angle due to a velocity mismatch. In the context of THz 

generation, when the group velocity of the NIR pulse exceeds the phase velocity of the THz wave, 

the emission occurs at the so-called Cherenkov angle θC. In the tilted pulse front scheme, this 

emission angle is geometrically imposed by the tilt angle γ, such that θC=γ. This correspondence 

provides a useful physical interpretation: the THz wave is emitted normal to the tilted intensity 

front, just as in Cherenkov-like phase matching. 

Figure 2.3 Schematic representation of tilted pulse front technique for THz generation. a The NIR 

pump pulse propagates into the nonlinear crystal, while the pulse front is tilted by an angle γ. This 

configuration ensures that the intensity fronts (dashed lines) intersect the THz emission direction 

at the correct phase-matching geometry. Efficient THz generation requires the axial projection of 

the NIR group velocity to match the THz phase velocity: cos( ) THz NIRv vγ = b Ray optics 

construction of the pulse front tilt based on the grating geometry. The setup includes a diffraction 

grating and two cylindrical lenses (L1 and L2) arranged in a 4f configuration with focal lengths f1 

and f2, respectively. The grating introduces angular dispersion to the femtosecond pump pulse, 

creating a tilted pulse front. The 4f-lens system images this tilted pulse front onto the LiNbO₃ 

crystal at an optimized angle θLN= γ , matched to the phase velocity of THz waves. Efficient THz 
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generation via optical rectification is achieved when the image of them is precisely formed at the 

crystal surface, which is placed at the focal plane of lens L2. Figure adapted from [61,62]. 

2.1.3 Third-order nonlinear polarization 

While second-order nonlinear effects require a non-centrosymmetric medium, third-order 

processes are allowed in all materials and become particularly important in centrosymmetric media 

such as graphene. The third-order nonlinear polarization arises from the third-order susceptibility 

tensor and is responsible for phenomena such as third-harmonic generation (THG), four-wave 

mixing (FWM), and saturable absorption. The third-order nonlinear polarization vector is 

expressed as [12]: 
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For THG, where three photons of frequency combine to generate one photon at 3 ω, the polarization 

reduces to: 
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P E E Eω ε  χ ω ω ω ω  ω ω ω= ∑ (2.1.36) 

In isotropic or scalar approximations (assuming polarization components are aligned), this 

becomes: 

(3) (3) 3 
0(3 ) (3 ; , , ) ( )P Eω ε χ ω ω ω ω  ω= 

  
(2.1.37) 

This polarization serves as the source term in the wave equation at frequency 3 ω, leading to THG 

emission. For higher-order odd harmonics (e.g., 5th, 7th, etc.), the generalized form of the nonlinear 

polarization is: 

1 2 1 2  
1 2  

( )  ( )  
0 ... 

... 
(  )  ( )  ( )...  ( )

n n
n 

n n 
i ij j j j j j

j j  j  
P n E E Eω ε χ ω ω ω= ∑ (2.1.38) 

and the generated harmonic field scales as: 
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(2.1.39) 
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As a concrete example, in the work by Hafez et al. (Nature 2018) [38], the nonlinear response of 

monolayer graphene under strong-field THz excitation was studied, and effective values of the 

nonlinear susceptibilities were extracted: 
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These remarkably large nonlinearities are attributed to the massless Dirac fermion dispersion of 

graphene and the absence of an energy gap, which enable efficient generation of high-order 

harmonics even at low photon energies in the THz regime. These results provide valuable insight 

into the ultrafast and highly nonlinear optical behavior of graphene, motivating its use in THz 

photonic applications and strong-field light–matter interaction studies. 

2.1.3.1 Saturable absorption and two-level system dynamics 

Saturable absorption is a nonlinear optical phenomenon in which a material’s absorption decreases 

with increasing light intensity. This effect is commonly used in passive mode-locking and optical 

switching. In the frequency-domain picture, saturable absorption is directly associated with the 

imaginary part of the third-order nonlinear susceptibility, (3) Im[ ] χ , which governs intensity-

dependent absorption. For materials exhibiting two-photon absorption, the imaginary part of 𝜒𝜒(3) 

is positive ( (3) Im[ ] χ >0); resulting in increased absorption as intensities increase. In contrast, for 

saturable absorbers, (3) Im[ ] χ <0, indicating a decrease in absorption as intensity increases. 

A phenomenological model of nonlinear absorption expands the absorption coefficient as a 

function of optical intensity [12]: 

0( )I Iα α β= + (2.1.40) 
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Where α0 is the linear absorption coefficient, and β is a nonlinear absorption coefficient. This 

expression captures weakly nonlinear behavior but does not account for full saturation. A more 

accurate model, particularly under strong excitation, is given by [12]: 

0 

sat 

( )
1 / 

I 
I I  
α α = 

+ 
(2.1.41) 

where I sat is the saturation intensity, defined  as the intensity at  which the absorption drops to half 

its low-intensity value. From the density matrix formalism, the absorption is governed by the 

imaginary part of the coherence  term ρ 01 ,  which in turn  leads to  the polarization 0 P N E ε χ= 
 



. 

Where N is the number density of atoms,  and ε0 is the vacuum  permittivity. In general, the electric 

susceptibility χ is a second-rank tensor that relates the macroscopic polarization to the electric field. 

In the context of the two-level atom model, the polarization is microscopically governed by the ρ10 

of the density matrix and the transition dipole moment 01 r  , leading to the expression: 

10 01 P rρ∝ 


 
(2.1.42) 

Solving the steady-state two-level equations gives an expression for Im[ ] χ of the form [12]: 
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where ∆ is the detuning, T1 and T2 are the population decay and dephasing times, respectively, and 

Ω is the Rabi frequency, which is proportional to the electric field amplitude E 
 

. This model shows 

how the absorption decreases with increasing field strength due to saturation of population 

inversion. 
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2.2 Metamaterials 

2.2.1 Metamaterials and metasurfaces in the THz regime 

Metamaterials are artificially structured media designed to exhibit tailored electromagnetic 

responses arising from their geometry rather than intrinsic chemical composition [63]. By 

engineering the arrangement of subwavelength building blocks—known as meta-atoms— 

metamaterials enable effective control over the electric permittivity ε(ω) and magnetic permeability 

μ(ω), leading to a broad range of exotic optical phenomena. These include negative refractive index 

n(ω), near-zero index behavior, and superlensing [64]. The refractive index of a medium is related 

to these parameters through: 

( ) ( ) ( )( )n ω  ε ω ∝ ω= (2.2.1) 

When either ε(ω) or μ(ω) becomes negative, the medium can exhibit unusual dispersion, backward 

wave propagation, and reversed Snell’s law, as first proposed by Veselago in 1968 [65]. The first 

experimental demonstration of a negative-index metamaterial was achieved in 2000 by Smith et al. 

using split-ring resonators and wire structures at microwave frequencies [66]. 

A traditional metamaterial is generally a three-dimensional (3D) structure composed of volumetric 

arrangements of resonant unit cells that collectively shape the bulk electromagnetic response. In 

contrast, metasurfaces are two-dimensional (2D) analogs of metamaterials composed of planar 

arrays of resonant elements. While metamaterials affect the propagation of waves throughout a 

volume, metasurfaces impose phase, amplitude, or polarization transformations at an interface. 

Metasurfaces provide several advantages, including reduced thickness, ease of fabrication, and 

lower losses due to their minimal interaction volume [63]. 

Plasmonic metasurfaces are engineered structures composed of high-conductivity metals designed 

to support strong field localization through geometry-induced resonances, such as in wire grids, 

split-ring resonators, or slot arrays [37,67,68]. While they mimic plasmonic behavior, especially at 

THz frequencies, the underlying mechanism relies on current-driven resonances rather than true 
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plasmon modes [26,69]. Their effectiveness in the THz regime is amplified by the low loss of 

metals in this frequency range—where interband transitions are negligible and metals behave 

nearly as perfect conductors. Additionally, because many natural materials lack resonant responses 

in this band, these structures enable enhanced spectral selectivity, efficient polarization control, and 

tunable filtering using compact and integrable device geometries [21,70]. 

Metasurfaces, are especially advantageous for THz applications due to their ultrathin form factor 

and compatibility with standard microfabrication techniques. These 2D metastructures can 

manipulate the phase, amplitude, and polarization of transmitted or reflected THz waves through 

precisely patterned subwavelength elements [26,31]. Unlike conventional multilayer dielectric 

filters that depend on Fabry–Pérot interference, metasurfaces achieve spectral control through 

resonant surface currents in a single patterned layer, providing compact and efficient alternatives 

for spectral filtering and beam shaping [21,70]. 

2.2.2 Surface plasmon polaritons 

The interaction of electromagnetic waves with metals at subwavelength scales leads to the 

emergence of surface plasmons—collective charge oscillations at the interface between a metal and 

a dielectric. The optical response of metals in this regime is governed primarily by their free 

electron gas behavior, which is well described by the Drude model [64]: 
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Where 
2

* 
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p 
Ne 

m 
ω

ε
= is the plasma frequency, m* is the effective mass of the electron, γ is the 

damping rate due to electron scattering, and ε∞ accounts for contributions from bound electrons 

and interband transitions, representing the high-frequency limit of the material’s dielectric 

response. This leads to a complex dielectric function, allowing surface-bound modes called surface 

plasmon polaritons (SPPs) to exist at the metal–dielectric interface. SPPs are evanescent transverse 
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magnetic waves that propagate along the interface and decay exponentially perpendicular to it. 

these modes are supported when the real part of the metal's permittivity satisfies 2 1Re[ ] ε ε< −  , 

where ε1 is the permittivity of the dielectric. The dispersion relation for SPPs at a flat metal– 

dielectric interface is given by [64]: 

1 2  
0 

1 2 
SP k k ε ε  

ε ε 
=

+ 
(2.2.3) 

Where 0 /k c ω= is the free-space wavevector. The field profile associated with this dispersion 

relation is characterized by exponential decay into both media, resulting in tight confinement near 

the interface and enhanced light–matter interaction. This is illustrated schematically in Fig. 2.4. 

Figure 2.4 Schematic for the illustration of the interface between two media characterized by 

dielectric functions 1 ε and 2 ε , where the x-component of the electric field Ex exhibits exponential 

decay in both directions along the z-axis from the interface at z=0 . The wave vector ks corresponds 

to the propagation of the surface plasmon polariton along the interface. The field is strongly 

localized near the interface, making SPPs ideal for enhancing light-matter interactions. Figure 

adapted from [64]. 
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Figure 2.5 Dispersion relation of surface plasmon polaritons (SPPs) at a vacuum-metal interface 

for three representative cases: an ideal free-electron plasma, a silver surface, and a magnesium 

surface. The straight dotted line represents the dispersion of electromagnetic waves in vacuum 

ω=ck (light cone). The SPP dispersion curve begins at the light line and significantly deviates as 

frequency increases, approaching the asymptotic surface plasmon frequency ωSP = ωp / √2. For 

ω > ωp, wave propagation is again allowed with dispersion given by ω2=c2k2+ωp 
2, while in the 

intermediate range ωp/√2 < ω < ωp , no propagating solution exists. This illustrates the forbidden 

frequency band and the confinement nature of SPPs at subwavelength scales. Figure adapted from 

[64]. 

This dispersion relation lies to the right of the light line ( /SP k cω> ), meaning that direct 

excitation from free space light is forbidden due to momentum mismatch. Therefore, external 

coupling mechanisms such as prism (Kretschmann/Raether configurations) or grating structures 

are required to excite SPPs [68]. The asymptotic frequency of the SPP mode for a metal–air 

interface in the limit 0 γ → and for air-metal interfaces ( 1 1ε = ) simplifies to [64]: 

1 1 2 
p p 

SP 

ω ω 
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ε 
= = 

+ 
(2.2.4) 
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This frequency represents the upper limit of the SPP dispersion curve. As shown in Fig. 2.5, the 

SPP mode initially tracks the light line at low frequencies and gradually deviates as it 

asymptotically approaches SPP ω , highlighting both the field confinement and the existence of a 

forbidden band where no SPP propagation occurs. 

Understanding these dispersion characteristics is critical for designing THz metasurfaces based on 

plasmonic resonators, as they define the resonance condition, field confinement, and interaction 

strength with THz radiation. 

2.2.3 Localized surface plasmon resonance 

In contrast to surface plasmon polaritons, which propagate along extended metal-dielectric 

interfaces, localized surface plasmons (LSPs) are confined resonances that occur in subwavelength 

metallic nanostructures, such as nanospheres, nanorods, or nanocubes [63]. These resonances result 

from the collective oscillation of conduction electrons in response to an incident electromagnetic 

field, leading to localized enhancements of the electric field near the nanoparticle surface. 

Under the quasistatic approximation—which applies when the particle radius R is much smaller 

than the incident wavelength λ—the polarizability α of a spherical metallic nanoparticle embedded 

in a dielectric medium with permittivity εout is given by  [64]: 

3 ( )4 
( ) 2
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R ε ω  ε  α π
ε ω  ε  

− 
= 

+ 
(2.2.5) 

The resonance condition occurs when Re[ ( )] 2 outε ω  ε= − . This is known as the Fröhlich condition 

and defines the localized surface plasmon resonance (LSPR) frequency. At this condition, the 

induced dipole moment is maximized, resulting in strong local field enhancement (see Fig. 2.6). 
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Figure 2.6 Localized surface plasmon resonance (LSPR) in plasmonic nanoparticles. a Schematic 

illustration of the collective oscillation of conduction electrons in response to an incident electric 

field in nanoparticles significantly smaller than the excitation wavelength. The induced dipole 

oscillates in the direction opposite to the electric field. b Finite-difference time-domain (FDTD) 

simulations showing the on-resonance normalized electric field magnitude (|E|) for three 

nanoparticle geometries: (i) nanosphere, (ii) nanocube, and (iii) nanotriangle. Strong field 

localization is observed, particularly near sharp corners and tips, with rapid spatial decay away 

from the nanoparticle surface. Figure adapted from [71]. 

The magnitude and distribution of the field enhancement depend heavily on the nanoparticle 

geometry and its surrounding medium. Nanostructures with sharp edges or tips, such as 

nanotriangles, produce even higher localized intensities, which can reach enhancement factors up 

to 104 . These field hotspots make LSPRs highly useful in nonlinear optics and sensing applications, 

particularly at THz and infrared frequencies. 

It is important to note that the quasistatic approximation becomes less accurate as the nanoparticle 

size increases relative to the incident wavelength. In such cases, retardation effects must be 

considered, which lead to a redshift of the LSPR frequency and broaden the resonance due to 

radiative damping. These size-dependent effects play a critical role in determining the actual field 

enhancement and spatial distribution of localized modes, particularly in the THz regime where the 
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particle dimensions may no longer be negligible. Furthermore, the dielectric function ε(ω) of the 

plasmonic material significantly influences the resonance condition and loss characteristics. For 

example, noble metals like silver and gold offer sharp and strong resonances in the visible and NIR 

regimes due to their negative real permittivity and relatively low damping. The balance between 

the real and imaginary parts of ε(ω) defines the resonance sharpness, field confinement, and losses, 

making material selection a critical factor in LSPR design [63]. 

In the THz regime, due to the long wavelengths and relatively low photon energies, metals behave 

as nearly perfect electric conductors. Nevertheless, structured metals still support geometrically 

induced resonances analogous to plasmonic behavior. In practice, slot arrays, dipolar resonators, or 

complementary split-ring resonators can produce strong field confinement and resonant effects due 

to circulating surface currents. By tailoring geometry, environmental permittivity, and material 

properties, LSPRs can be precisely engineered for advanced applications in THz filtering, nonlinear 

optics, and sensing platforms [21,26,34]. 

2.3 Graphene 

2.3.1 Band structure and electronic properties 

Graphene is a monolayer of carbon atoms arranged in a two-dimensional hexagonal (honeycomb) 

lattice, as illustrated in Fig. 2.7. Each carbon atom in the lattice is covalently bonded to three nearest 

neighbors via strong σ bonds, which are formed through the sp2 hybridization of its valence orbitals: 

2s, 2px, and 2py [45,72], as shown in Fig. 2.7b. These σ-bonds are responsible for the exceptional 

mechanical strength of graphene. The fourth valence electron occupies the out-of-plane 2pz orbital, 

forming delocalized π-bonds by overlapping with adjacent 2pz orbitals. These π-bonds facilitate 

electrical conduction in graphene, distinguishing it from other materials where all valence electrons 

are involved in in-plane bonding. 

Graphene’s exceptional electronic behavior originates from its bipartite lattice structure, which can 

be viewed as two interpenetrating triangular sublattices, labeled A and B. The primitive lattice 
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vectors of the Bravais lattice define the periodicity, with a lattice constant of a=∣a1∣=∣a2∣=0.246 nm 

related to the carbon–carbon bond length acc=0.142 nm by a =√3acc [45,72]. 

Figure 2.7 Graphene lattice and band structure: a Two-dimensional hexagonal honeycomb lattice 

of graphene, b sp² bonding between carbon atoms forming strong in-plane σ bonds, along with 

delocalized out-of-plane π bonds formed by overlapping 2pz orbitals, c bipartite structure composed 

of sublattices A and B, d first Brillouin zone with two inequivalent sets of Dirac points. and e the 

energy–momentum dispersion obtained from the tight-binding model, showing the gapless band 

structure. Figure adapted from [45,73]. 

In reciprocal space, the first Brillouin zone of graphene is a hexagon with six high-symmetry corner 

points known as Dirac points. These Dirac points are grouped into two inequivalent sets, K-points, 

reflecting the underlying A and B sublattices (Fig. 2.7d). At these points, the valence and conduction 

bands touch, resulting in a gapless linear dispersion — a hallmark of graphene’s electronic structure 

(Fig.2.7e). This band structure was first derived by Wallace in 1947 [74] using the tight-binding 

approximation, which captures the cosine-like energy bands that appear in energy–momentum 

space [72]. 
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where γ0 ≈ 2.8 eV is the nearest-neighbor hopping energy, and kx, ky are components of the 

wavevector. The + and − signs represent the conduction and valence bands, respectively, which 

touch at the Dirac points where E=0. Near these Dirac points (K and K′) in the Brillouin zone, 

where ∣ka∣ ≪ 1, the energy dispersion becomes linear, giving rise to massless Dirac fermion 

behavior — a unique feature of graphene [72]: 

( ) | |,Fk  v k± = ± (2.3.2) 

Where, 60 3 10 m/s,
2F 

a v γ
= ≈ 



is the Fermi velocity. This linear energy–momentum relation, 

valid for energies up to approximately 1.5 eV from the Dirac points, is responsible for many of 

graphene’s unique electronic and optical properties. It leads to the massless Dirac fermion behavior 

that distinguishes graphene from conventional semiconductors. 

2.3.1.1 Density of states 

The density of states D(ϵ) within the linear dispersion regime is proportional to the absolute value 

of the energy [74]: 

2 2  

2 ( )  | |  
F 

D
vπ 

= 


  (2.3.3) 

This results in a vanishing DOS at the Dirac point (ϵ=0), D(ϵ)=0), highlighting the semi-metallic 

nature of graphene and the absence of a bandgap. 

2.3.1.2 Fermi energy and carrier density 

The Fermi energy EF in graphene is directly related to the carrier density, nc, by [38]: 

.F F cE v nπ=  (2.3.4) 

For a typical carrier density of nc =1012 cm−2, the Fermi energy is approximately EF ≈ 0.12 eV. 
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Graphene’s massless charge carriers with linear dispersion behave fundamentally differently from 

the massive carriers in traditional semiconductors. The lack of a bandgap prevents electrostatic 

confinement of electrons, which contributes to graphene's unique transport and optical 

characteristics, setting it apart from gapped two-dimensional materials such as transition metal 

dichalcogenides [75]. 

2.3.1.3 Bandgap tuning 

While pristine graphene is gapless, a bandgap can be introduced through various methods. For 

example, in bilayer graphene, applying a perpendicular external electric field can open a tunable 

bandgap [76]. Alternatively, chemical functionalization—such as hydrogenation or oxidation—can 

break sublattice symmetry and induce a gap [77,78]. These tunable electronic properties make 

graphene a highly versatile platform for THz photonics and optoelectronic applications, where both 

adjustable conductivity and controllable nonlinearities are critical advantages. 

2.3.2 Optical conductivity of graphene 

2.3.2.1 Linear light–matter interaction in graphene 

Graphene's unique optical and electronic properties arise predominantly from its two-dimensional 

honeycomb lattice structure, which exhibits massless Dirac fermions. The linear band dispersion 

near the Dirac points leads to an extraordinary interaction of graphene with electromagnetic fields, 

notably in the THz frequency regime. When graphene is illuminated by electromagnetic radiation, 

electrons in graphene respond through both interband and intraband transitions. In the linear optical 

regime, these processes are governed by the optical conductivity σ(ω), which describes the current 

induced by an electric field at frequency ω. The relationship is given by: 

( )  ( )  ( )J Eω σ ω ω= 
  

(2.3.5) 

The total optical conductivity can be expressed as the sum of two components: 

intra inter( )  ( )  ( )σ ω σ ω σ ω= + (2.3.6) 
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Here, σintra(ω) represents intraband (Drude-like) conductivity, while σinter(ω) represents interband 

transitions [79,80]. The dominance of each mechanism depends on the photon energy ℏω and the 

Fermi energy EF. 

2.3.2.2 Interband conductivity 

The interaction of graphene with light depends on the photon energy ℏω and the Fermi energy EF. 

When ℏω > 2EF, graphene undergoes interband transitions, where electron-hole pairs are generated, 

similar to photoexcitation in conventional semiconductors (Fig. 2.8a). This process was initially 

studied in detail by [81]. In this regime, graphene exhibits a unique and universal absorption 

coefficient that is independent of frequency and is given by 2.3% A πα = ≈ . Where 

2 

0 

1 1 
4 137 

e 
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α 
π

= = 


is the fine structure constant. This results in a universal optical conductivity for 

graphene, 2 
0 / 4eσ =  . 

This universal absorption arises from the linear energy-momentum relationship in graphene’s band 

structure, which contrasts sharply with the nonlinear band dispersion in other materials. However, 

for photon energies outside the linear band regime (ℏω < 0.5 eV or ℏω > 2 eV), deviations from 

this universal absorption occur due to nonlinearity. The more general, frequency-dependent 

expression for interband conductivity at finite temperature is given by [80,82]: 
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(2.3.7) 

where kB is the Boltzmann constant, and Te is the electron temperature. In the high-frequency limit 

(ℏω ≫ 2EF), this expression reduces to the universal conductivity 2 
0 / 4eσ =  

2.3.2.3 Intraband conductivity 

When the photon energy satisfies ℏω < 2EF, interband transitions are blocked due to the Pauli 

exclusion principle, and intraband transitions dominate the optical response (Fig. 2.8b). In this 
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regime, electrons absorb THz radiation by transitioning between energy states within the same 

band. The frequency-dependent intraband conductivity can be derived from the semiclassical 

Boltzmann transport equation [44,80,83] and is expressed as: 

2 2  
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(2.3.8) 

Where, τ(ϵ) is the electron momentum scattering time, fFD(ϵ, μ, Te) is the Fermi-Dirac distribution 

function, and D(ϵ) is the density of states. In low-temperature conditions (Te ≪ EF / kB) and the 

electron scattering time at the Fermi energy, τ = τ(EF), the intraband conductivity simplifies to the 

Drude-type model  [80,81]: 
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(2.3.9) 

This Drude-like behavior explains graphene’s strong absorption and high carrier mobility in the 

THz and mid-infrared spectral regions. The interplay of intraband and interband processes 

significantly influences the THz response of graphene. For photon energies below 2EF, the 

interband transitions are typically suppressed due to Pauli blocking, leaving intraband transitions 

as dominant. Conversely, at higher frequencies (or when the Fermi energy is low), interband 

processes become more significant. This transition between regimes is illustrated schematically in 

Fig. 2.8.  
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Figure 2.8 Schematic of graphene's band structure illustrating two regimes of light–matter 

interaction. a Interband transitions occur when the photon energy exceeds twice the Fermi energy 

ℏω > 2EF, resulting in electron–hole pair generation. These photoexcited carriers subsequently 

undergo energy and momentum redistribution via electron–electron scattering. b Intraband 

transitions dominate when ℏω < 2EF giving rise to Drude-like intraband conductivity characteristic 

of free-carrier absorption. Figure adapted from [48] 

2.3.3 THz excitation of graphene 

At room temperature (Te = 300 K), the photon energy in the THz range (e.g., 1 THz corresponding 

to 4.1 meV) is much smaller than the thermal energy (kBTe = 26 meV). This results in effective Pauli 

blocking of interband transitions, leaving intraband transitions to dominate. For intrinsic graphene 

with EF ≈ 0, the conduction and valence bands are thermally populated almost equally, leading to 

negligible interband transitions at room temperature. In large-scale samples, charge puddles create 

local doping variations, further complicating interband transitions [84]. Most single-layer graphene 

samples exhibit unintended doping due to preparation and environmental effects. Common causes 

include: 

1. Chemical Vapor Deposition (CVD): Residual PMMA used in the transfer process induces 

hole-doping. 

2. Epitaxial Graphene on SiC: Charge transfer from the substrate results in electron-doping. 
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3. Environmental Interactions: Water and oxygen molecules trapped between the graphene and 

substrate further contribute to doping. 

Such doping shifts the Fermi energy, altering the interaction of graphene with light, particularly in 

the THz frequency range. 

In typical CVD-grown graphene samples, the Fermi energy EF lies in the range of approximately 

50 meV to 260 meV, depending on fabrication conditions and substrate-induced doping. This 

doping level critically affects whether THz excitation drives intraband or interband transitions. 

Moreover, EF can be dynamically tuned using electrostatic gating. Applying gate voltages within a 

range of ±2 V can shift the Fermi energy by more than 200 meV, offering a versatile method to 

control the carrier density and nonlinear optical response of graphene in situ [49]. 

2.3.3.1 THz transmittance 

The transmittance of THz radiation through a graphene layer on a substrate can be described using 

the Tinkham equation [85], which accounts for the interaction of the THz electric field with the 

graphene's complex optical conductivity and the substrate's refractive index. The transmittance is 

expressed as [85]: 
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(2.3.10) 

Where, ( )T ω is the frequency-dependent transmittance, ( )sE ω and ( )refE ω are the THz electric 

field amplitude transmitted through the substrate with the graphene layer, and bare substrate 

(reference), respectively. ns is the refractive index of the substrate, Z0=377 Ω is the impedance of 

free space, and ( )σ ω is the complex optical conductivity of graphene, encompassing both interband 

and intraband contributions. This equation effectively relates the measured transmittance to the 

material properties of graphene and the substrate. The term 0 ( )Z σ ω reflects the interaction between 
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the graphene conductivity and the impedance of free space, while ns+1 accounts for the influence 

of the substrate on the THz wave propagation. 

The Tinkham equation [85] is particularly useful for analyzing experimental data, as it provides a 

direct means to extract the optical conductivity of graphene from transmittance measurements. This 

is critical for understanding the interaction of THz radiation with graphene, including its electronic 

properties and light-matter interactions. 

2.3.4 Terahertz nonlinear interactions in graphene 

2.3.4.1 Overview of THz nonlinear optical effects in graphene 

Graphene’s gapless band structure and ultrafast carrier dynamics make it an exceptional platform 

for exploring nonlinear optical phenomena in the THz regime. Unlike conventional semiconductors 

with parabolic bands and bound electronic states, graphene supports strong field-driven intraband 

dynamics due to its linear dispersion near the Dirac points and massless Dirac fermion behavior 

[48]. 

In the THz frequency range, nonlinear optical interactions in graphene give rise to phenomena such 

as HHG, where integer multiples of the incident frequency are emitted [38]. The underlying 

mechanisms depend strongly on the excitation regime, which is governed by photon energy relative 

to the Fermi energy EF , as well as the carrier scattering dynamics. 

At photon energies hω < 2EF , Pauli blocking inhibits interband transitions, and the response is 

dominated by intraband (Drude-like) conduction [79,80]. Under intense THz fields, these free 

carriers gain energy from the field and redistribute it via rapid electron–electron scattering, leading 

to significant carrier heating. Due to graphene’s low electronic heat capacity, the electron 

temperature can rise to over 1000 K even at field strengths as low as 20 kV/cm [38,48]. This 

modifies the Fermi–Dirac distribution and reduces the conductivity, producing transient absorption 
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bleaching and an intensity-dependent nonlinear response. The resulting conductivity change—on 

ultrafast timescales—underlies a thermodynamic nonlinearity that drives the generation of odd 

harmonics in transmitted or reflected THz signals [38,48]. 

The nature of graphene’s nonlinear response is further influenced by the underlying carrier 

transport regime. In the diffusive regime, which dominates on picosecond timescales, nonlinearities 

primarily arise from hot-carrier effects, where energy absorbed via intraband transitions is rapidly 

redistributed through electron–electron scattering. This leads to significant carrier heating and 

modification of the optical conductivity. In contrast, in the ballistic regime, where carriers move 

coherently on sub-picosecond timescales without scattering, the nonlinear response can become 

even more pronounced. Under such conditions, electrons can experience field-driven acceleration 

across the Brillouin zone, giving rise to Bloch oscillations as they approach the zone boundaries 

and reflect periodically. These coherent dynamics are highly efficient at generating high-order 

harmonics. Overall, the strong THz nonlinearity of graphene arises from the interplay between its 

gapless energy dispersion, ultrafast hot-electron dynamics, and efficient intraband heating, 

positioning it as a compelling platform for nonlinear THz photonics and applications such as high-

harmonic generation, optical switching, and compact THz modulators [48]. 

2.3.4.2 Thermodynamic model of nonlinearity in graphene 

A comprehensive understanding of the nonlinear THz response in graphene is provided by a 

thermodynamic model describing how the intraband optical conductivity evolves as a function of 

electronic temperature Tₑ. This model captures the dynamic modulation of conductivity that results 

from high-field, multi-cycle THz excitation, where each cycle drives intraband currents that deposit 

energy into the electronic system via Drude absorption. Due to graphene’s low electronic heat 

capacity, this absorption causes Tₑ to rise rapidly, often exceeding 1000 K even at moderate peak 

fields of 20–30 kV/cm. The resulting carrier heating broadens the Fermi–Dirac distribution, 

reducing conductivity as Tₑ increases [38,44,48]. Within tens of femtoseconds (~10–100 fs), 
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electron–electron interactions redistribute the absorbed energy, establishing a quasi-equilibrium hot 

electron population. This hot-carrier-driven reduction in conductivity underlies the thermodynamic 

nonlinearity modeled in Eq. (2.2.9). 

As this thermal broadening reduces the slope of the distribution near the Fermi level, the intraband 

conductivity drops, leading to a transient suppression of THz absorption, known as bleaching. 

Because the pulse contains multiple cycles, this process repeats with each cycle: the carriers 

continue absorbing energy, while simultaneously beginning to cool through optical phonon 

emission. However, the cooling rate is slower than the heating rate—primarily due to a combination 

of energy dissipation mechanisms including electron–phonon scattering, supercollision cooling via 

disorder-assisted processes, and coupling to substrate phonons [48]. Although ultrafast processes 

such as electron–electron scattering and initial optical phonon emission occur within tens to 

hundreds of femtoseconds, these mechanisms primarily govern early-stage carrier redistribution 

and partial energy loss, rather than full energy dissipation to the lattice. The overall carrier cooling 

is limited by the slow decay of the generated hot optical phonons, which have lifetimes of 1–3 ps 

and only weakly couple to acoustic phonons, making energy transfer to the lattice inefficient. This 

phonon-limited relaxation creates a bottleneck in energy transfer from the electronic system to the 

lattice, consistent with previous THz pump–probe measurements in graphene [48]. As a result, the 

total carrier cooling time remains in the picosecond range, well beyond the initial ultrafast 

scattering events. 

Among these scattering mechanisms, emission of optical phonons near the Γ and K points plays a 

dominant role in transferring energy from the electronic system to the lattice. This process unfolds 

over a timescale of 0.1–1 ps, resulting in a net accumulation of heat within the electronic system 

during the pulse. This leads to a temporally asymmetric evolution of the conductivity, where each 

subsequent THz cycle interacts with a hotter electron distribution than the previous one. This 

heating–cooling cycle within the pulse envelope is central to the thermodynamic model. 
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The cumulative heat deposited into the electron system is represented by ΔQ(t), which plays a 

pivotal role in the thermodynamic model by capturing the energy buildup within the electronic 

system over time. It reflects how the sequential absorption of energy during each THz field cycle 

leads to conductivity suppression. As ΔQ(t) increases, it governs the modulation of the electron 

temperature and dynamically alters the conductivity profile, which in turn shapes the nonlinear 

optical response and facilitates harmonic generation. While not presented in an explicit analytical 

form, ΔQ(t) is extracted through numerical modeling and corresponds to the results shown in 

Fig. 2.9c, based on the driving field shown in Fig. 2.9b. The calculation of ΔQ(t) incorporates the 

evolving intraband conductivity σ(Te), which depends on the Fermi–Dirac distribution and energy-

dependent scattering, as well as the time-dependent input and output electric fields. A 

phenomenological cooling function is used to account for carrier energy relaxation, enabling the 

model to capture the cumulative thermal effects induced by the pulse. The time-domain asymmetry 

in electronic heating and cooling, and its impact on the temporal evolution of conductivity and 

absorbance as discussed in [38,44] is illustrated in Fig.2.9, which visualizes how different peak 

field strengths modulate the internal energy accumulation and nonlinear optical response of 

graphene. 
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Figure 2.9 a Temporal asymmetry between electron heating and cooling dynamics in graphene 

under strong-field THz excitation. The non-equilibrium energy exchange processes lead to a 

temporal accumulation of electronic heat ∆Q(t). b Application of a THz driving pulse at 0.3 THz 

induces these thermal dynamics. c The resulting ∆Q(t) shows a pronounced asymmetry depending 

on the field strength, with blue and red curves corresponding to peak fields of 10 kV/cm and 85 

kV/cm, respectively. d This thermal modulation manifests as a time-dependent reduction in THz 

absorbance and conductivity. At low field strength, graphene remains in the linear regime with 

negligible modification of optical properties, while higher fields produce strong nonlinear 

responses due to significant carrier heating. Figure adapted from [38]. 

2.3.4.3 Ultrafast carrier dynamics in graphene 

Understanding the nonlinear THz response in graphene requires a detailed consideration of ultrafast 

carrier dynamics. The optical nonlinearity arises not only from the field-induced redistribution of 

carriers but also from how rapidly these carriers can exchange energy and momentum with each 

other and with the lattice. Table 2.1 summarizes the key timescales governing these dynamics [48]. 

These timescales dictate the window over which THz-induced nonlinear phenomena—such as 

saturation, harmonic generation, and refractive index modulation—can occur. They are particularly 

critical for understanding the thermodynamic model of conductivity, where the heating–cooling 

asymmetry plays a defining role in determining the field-dependent response of the material. 
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Table 1 Characteristic carrier dynamics timescales in graphene relevant to THz nonlinear optics 

Process Timescale Description 
Electron–electron 
scattering 10–100 fs thermalization via Coulomb interactions; establishes hot 

Fermi–Dirac distribution. 
Electron–SCOP* 
scattering 10–100 fs cooling via strongly coupled optical phonons. 

Electron–phonon 
scattering ~1 ps energy transfer to the lattice through phonon emission (Γ 

and K points). 
Total carrier cooling 
time 1–3 ps full thermal relaxation to ambient lattice temperature. 

Effective carrier 
lifetime <1 to few ps 

depends on doping/gating; affects nonlinear response 
duration. 

*SCOP = strongly coupled optical phonons. 

2.3.4.4 Saturable absorption and nonlinear refractive index 

A fundamental nonlinear mechanism in graphene arises from saturable absorption (SA) [86,87], in 

which the material’s absorption decreases with increasing incident field intensity [38,44]. This 

behavior is particularly prominent in the THz regime, where intraband transitions dominate and 

carrier heating significantly alters the material’s conductivity. Under low-field conditions, 

graphene behaves as a lossy medium with strong Drude-like absorption. As the THz field strength 

increases, carriers gain energy and rapidly heat due to graphene’s low electronic heat capacity. This 

leads to a redistribution of the Fermi–Dirac distribution, which reduces intraband conductivity and 

causes the absorption to bleach — i.e., saturate. At field strengths exceeding 20 kV/cm, this 

bleaching becomes significant. The effect is dynamic and reversible, governed by rapid carrier 

heating and subsequent cooling, and plays a key role in enabling high-harmonic generation. 

The phenomenon was directly observed through experimental measurements of THz transmission, 

as reported by Hafez et al. [38], and is modeled using a thermodynamic framework. Figure 2.10a 

presents the measured power absorption and extracted electronic temperatures, which exceed 1000 

K at high fields, confirming the role of hot-carrier dynamics in driving nonlinear optical behavior. 
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Figure 2.10 a Field-dependent power absorption of graphene and corresponding electronic heating. 

Blue data points show the measured integrated power absorption as a function of the peak THz 

field, while the blue solid curve represents predictions from the time-dependent thermodynamic 

model. The red-shaded area illustrates the retained energy in the electronic system as calculated by 

the model. Average and peak electron temperatures corresponding to selected THz field amplitudes 

are annotated. Error bars represent standard deviations of repeated measurements. Adapted from 

[44]. b Real part of the THz refractive index of a monolayer graphene film plotted as a function of 

frequency under different peak electric field strengths of the 0.3 THz pump. The data clearly reveal 

a monotonic reduction in refractive index with both increasing frequency and field amplitude, 

indicating the field-induced optical nonlinearity of graphene. Adapted from [38]. 

The nonlinear refractive index is derived from the field-dependent conductivity [88,89] via: 

( ) ( ) 
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σ ω  
ε ω ε
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( ) ( ){ }n Reω ε ω= (2.3.12) 

where d = 0.3 nm is the monolayer graphene thickness. As conductivity decreases with heating, the 

real part of the refractive index decreases, mimics Kerr-type nonlinearities [12,90]. This field-

dependent reduction in refractive index is illustrated in Figure 2.10b, where increasing THz pump 

strength leads to a clear, monotonic decline in refractive index across the measured frequency 

range. 



45 

2.4 Graphene oxide 

2.4.1 Structure, synthesis, and fabrication 

Graphene oxide (GO) is a chemically derived form of graphene obtained by oxidizing graphite 

using strong oxidizing agents such as potassium permanganate (KMnO₄) and sulfuric acid (H₂SO₄) 

[91,92]. A common synthesis approach is the modified Hummers' method, where graphite layers 

undergo intercalation and oxidation to form graphite oxide. Subsequent exfoliation processes 

involving debonding of graphite oxide yield graphene oxide, a two-dimensional, single-layer 

derivative enriched with various oxygen-containing functional groups. These groups, primarily 

hydroxyl (-OH), epoxy (C–O–C), carbonyl (C=O), and carboxylic acid (-COOH), are covalently 

bonded to the basal plane and edges of the graphene sheets [92,93]. As a result, GO exhibits a 

unique amorphous-like structure with a heterogeneous mixture of sp² and sp³ hybridizations, 

significantly differentiating it from pristine graphene, which is composed entirely of sp²-hybridized 

carbon atoms arranged in a regular hexagonal lattice [52,94] (Fig. 2.11b). 

Reduced graphene oxide (rGO) is synthesized by partially removing these oxygen-containing 

functional groups from GO through chemical, thermal, electrochemical, or photothermal reduction 

methods. This reduction minimizes oxygen functionalities, restores sp² carbon domains, and 

significantly enhances electrical conductivity [94]. However, rGO typically retains residual 

functional groups and structural defects, distinguishing it structurally and optically from pristine 

graphene (Fig. 2.11c). Highly reduced graphene oxide (hrGO) represents the most extensively 

reduced variant, closely approaching the properties of pristine graphene. This material features 

minimal oxygen functionalities, a substantially increased fraction of sp² carbon, and markedly 

improved electrical conductivity and optical performance, rendering it particularly attractive for 

advanced optoelectronic and photonic applications [52,94] (Fig. 2.11d). 
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Figure 2.11 Schematics of atomic structures of a graphene, b graphene oxide (GO), c reduced 

graphene oxide (rGO), and d highly reduced graphene oxide (hrGO). Figure adapted from [51] 

GO and its reduced forms can be fabricated into films or coatings through several practical methods, 

each offering specific advantages and applicability [52] (see Fig. 2.12): 

• Drop casting: involves depositing droplets of GO solution onto a substrate and allowing it to 

dry, forming a relatively thick, uniform film. 

• Spray coating: utilizes a nozzle to aerosolize GO solution, uniformly spraying a fine mist onto 

substrates, suitable for large-area and irregularly shaped surfaces. This is the process we use 

in our sample fabrication. 

• Spin coating: employs a rotating substrate onto which GO solution is dispensed; the centrifugal 

force spreads the solution uniformly, creating smooth and thin films. 

• Filtration method: relies on vacuum filtration to separate GO flakes from a suspension, 

depositing them onto filtration membranes that are subsequently transferred onto flexible or 

rigid substrates. 
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• Doctor Blade method: involves moving a sharp blade at a fixed distance above a substrate, 

uniformly spreading GO slurry into a wet film, which is then dried to yield uniform, scalable 

films suitable for flexible and large-area applications. 

Figure 2.12 Fabrication methods for graphene oxide films. a Drop casting method. Inset: 

transmission optical microscope image of the GO film. b Spray coating method. Inset: SEM image 

of spray-coated GO flakes. c Spin coating method. Inset: SEM image of spin-coated GO film. d 

Filtration method. Inset: photograph of GO film on a flexible substrate. e Doctor Blade method. 

Inset: photograph of a free-standing GO film. Figure adapted from [52]. 

These fabrication techniques are crucial for integrating GO-based materials into various photonic, 

electronic, and optoelectronic device architectures, enabling the manipulation and enhancement of 

their functional properties for targeted applications. 



48 

2.4.2 Linear optical properties of GO 

GO, rGO, and hrGO exhibit distinctly different linear optical characteristics due to their varying 

degrees of oxidation and structural modifications. GO typically has a refractive index of 

approximately 1.97 in the NIR region, and its extinction coefficient ranges from 0.005 to 0.01, 

indicative of relatively low optical absorption. The presence of oxygen-containing groups 

significantly influences its electronic band structure, imparting a wide optical bandgap ranging 

between 2.1 and 3.6 eV, which enables its use in optoelectronic devices and transparent conductive 

coatings [91,94,95]. 

Upon reduction to rGO, optical properties shift notably. The refractive index of rGO increases 

moderately, accompanied by a significant rise in optical absorption across visible and NIR regions. 

This transition reflects changes in electronic structure due to partial removal of oxygen-containing 

functionalities, which narrows the optical bandgap. Highly hrGO demonstrates further 

enhancement in optical absorption and a substantial increase in refractive index, approaching 

around 2.7, indicative of extensive removal of oxygen functionalities and restoration of sp² 

hybridized carbon domains [51]. Figure 2.13 compares refractive index of the graphitic materials. 

Fig. 2.13. Linear optical properties of graphitic materials. a refractive index (n) and b extinction 

coefficient (k) of graphene (G), rGO and hrGO. Figure adapted from [51] 

In the THz regime, these properties translate into intriguing behaviors. Reduced GO films exhibit 

broadband THz absorption [40] and high conductivity (~900 S/cm) [96], which can be fine-tuned 
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through reduction levels, film thickness, and optical pumping [41]. Optically pumped GO displays 

increased photoinduced conductivity along with a peculiar non-Drude relaxation behavior [97], 

unlike PG and highly reduced GO (hrGO). The ultrafast relaxation dynamics in hrGO are primarily 

governed by carrier–carrier scattering and carrier–phonon coupling. These features have motivated 

the use of GO and its derivatives in THz devices, including absorbers [40], anti-reflection coatings 

[98], and sensors [99]. 

2.4.3 Nonlinear optical properties of GO 

The nonlinear optical properties of GO-based materials are remarkable and extensively studied due 

to their significant potential in photonic and optoelectronic applications [51]. GO exhibits 

substantial third-order nonlinearities characterized by a high Kerr nonlinear coefficient (n2), 

generally in the range of 1.5–4.5 × 10⁻¹⁴ m²/W [53,54]. Such pronounced nonlinearity originates 

primarily from the oxygen-containing functional groups and localized electronic states within the 

GO structure. GO also exhibits strong saturable absorption, quantified by a nonlinear absorption 

coefficient (β) approximately ~ -6 × 10⁻⁸ m/W [53,54]. This saturable absorption is mainly due to 

ground-state bleaching in sp² carbon domains, making GO an attractive candidate for ultrafast 

photonic devices such as mode-locked lasers and ultrafast optical switches [100,101]. Upon further 

reduction, rGO and hrGO show even stronger nonlinear optical responses due to increased 

conductivity, fewer oxygen groups, and enhanced electronic delocalization. The resulting nonlinear 

refractive indices and saturable absorption characteristics are significantly enhanced, facilitating 

their applications in high-power and ultrafast nonlinear optics.  A wide range of nonlinear optical 

processes—such as self-phase modulation [102], four-wave mixing [55], multiphoton absorption 

and luminescence [56,103] —have been demonstrated in GO and its reduced forms. 
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Chapter 3 

Experimental Details 

In this chapter, we describe the experimental methods, sample preparation procedures, and 

technical implementations used to conduct the measurements presented in Chapters 4–6. We begin 

with a detailed overview of the experimental setup used to generate intense THz fields. 

Subsequently, we discuss the fabrication of graphitic samples, including the transfer and gating of 

CVD graphene, as well as the preparation and functionalization of graphene oxide samples. The 

chapter concludes with the design and fabrication of plasmonic metasurfaces, which were 

developed using finite-difference time-domain (FDTD) simulations and fabricated via 

photolithographic techniques. 

3.1 High-field THz setup 

Intense THz pulses were generated through optical rectification in a lithium niobate (LiNbO₃) 

crystal using the tilted-pulse-front technique [16]. A schematic of the experimental setup is shown 

in Figure 3.1, where an amplified mode-locked laser is used as the pump source. Two types of 

amplified lasers were used in the setup across different experiments. The first was a PHAROS laser 

from Light Conversion, based on a Yb:KGW system, operating at a central wavelength of 1030 nm, 

with pulse duration of 170 fs, pulse energy of 1 mJ, and a repetition rate tunable between 6 kHz and 

1 MHz. The second system was a Ti:sapphire amplifier with a center wavelength of 800 nm, pulse 

duration of 45 fs, pulse energy of 2 mJ, and repetition rate of 1 kHz. 
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The laser output was split into two beams using a polarizing beam splitter (PBS) and a half-wave 

plate (HWP). One beam was directed to generate THz radiation by optical rectification in the 

LiNbO₃ crystal, while the other beam was routed through a mechanical delay line and used as the 

probe in electro-optic sampling. To realize a tilted pulse front, the pump beam was diffracted using 

a transmission grating and re-imaged into the LiNbO₃ crystal using a cylindrical lens system. 

Polarization control was achieved using a polarizing beam splitter (PBS) and a half-wave plate to 

maximize diffraction efficiency. The generated THz field could reach amplitudes up to 360 kV/cm. 

To compensate for group velocity dispersion (GVD) introduced by transmissive optics, a negative 

chirp was applied to the NIR pulse prior to THz generation. After optical rectification, the THz 

beam was collimated and focused using a pair of off-axis parabolic mirrors (OPMs). A pair of free-

standing wire-grid polarizers was placed before the sample to fine-tune the incident THz field 

strength. 

Figure 3.1 Schematic of the high-field THz setup. PBS: Polarizing beam splitter; OPM: Off-axis 

parabolic mirror; HWP: Half-wave plate; QWP: Quarter-wave plate; PD: Photodetector; CL: 

Cylindrical lenses; LN: lithium niobate; BPF: Bandpass filter; HPF: Highpass filter [61]. 
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The second beam, acting as a probe, was used to resolve the time-domain electric field of the THz 

pulse using electro-optic sampling (EOS). EOS is a time-resolved detection technique in which the 

THz-induced birefringence in an electro-optic crystal modulates the polarization state of a co-

propagating probe beam [104]. A 500 µm-thick ZnTe crystal was used for this purpose. The 

induced polarization change was detected through a balanced detection scheme comprising a 

quarter-wave plate, Wollaston prism, and a pair of photodiodes connected to a lock-in amplifier. 

The entire THz beam path was enclosed in a nitrogen-purged enclosure to eliminate absorption 

from atmospheric water vapor. This configuration ensured a stable and high signal-to-noise ratio 

for time-resolved nonlinear experiments. 

A representative time-domain waveform of the THz electric field and its Fourier-transformed 

spectrum are shown in Figures 3.2(a) and 3.2(b), respectively. These data demonstrate the 

broadband nature of the generated THz pulses and serve as a baseline for evaluating spectral 

shaping introduced by optical filters used in the experiment. 

Figure 3.2 a Time-domain THz transient measured in air. b Corresponding THz spectrum 

calculated by Fourier transform 

To quantify the peak electric field strength of the THz pulse at the focal point in THz setup, we use 

a standard EOS calibration method based on the response of the detection crystal. The THz field 

strength ETHz is derived from the normalized EOS signal through the following relation [105]: 
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Here, A and B are the voltages measured by the balanced photodiodes, λgat is the central wavelength 

of the gating beam, r41 is the electro-optic coefficient of the detection crystal, n0 is its refractive 

index at the gating wavelength, and L is the crystal thickness. The factor ttot accounts for 

transmission losses due to the THz interaction with intermediate optical components (e.g., Fresnel 

reflections at the surface of the detection crystal). 

To precisely shape the spectral content of the THz pump and improve the sensitivity of high-order 

nonlinear measurements such as HHG, we implemented a configuration of filters using a bandpass 

filter (BPF) and a highpass filter (HPF) that is shown schematically in Fig. 3.3. The BPF, placed 

before the sample, narrows the THz spectrum and serves to isolate a specific frequency window 

used to drive the nonlinear interaction. After the sample, an HPF is used to block the remaining 

low-frequency pump and transmit the higher-order generated components, significantly enhancing 

the sensitivity of time-resolved detection to weak harmonic signals. A detailed discussion of the 

design principles and fabrication of the BPF and HPF filters is provided in Chapter 4, and improved 

performance of the configuration is presented in Chapter 5. 

Figure 3.3 Schematic of the filters’ configuration at the sample position to improve THz detection 

sensitivity. A bandpass filter (BPF) transmits a multicycle THz pulse at ω, which produces a signal 

at 3ω after nonlinear interactions in a graphene sample, and a highpass filter (HPF) attenuates the 

pump pulse and passes 3ω signal. 
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3.2 Fabrication of graphitic samples 

3.2.1 CVD Graphene and transfer process 

Commercial monolayer graphene films were purchased from Graphenea, provided on copper foils 

and coated with a poly(methyl methacrylate) (PMMA) support layer. These graphene sheets were 

cut into 1 cm × 1 cm sections and wet-transferred onto Zeonor substrates (188 µm thickness). 

Zeonor is a cyclo-olefin copolymer that is transparent to THz radiation and has a refractive index 

of approximately 1.53 at 1 THz [106]. 

The transfer process is illustrated in Fig. 3.4, which summarizes the sequential steps used to move 

the graphene from the copper foil onto the desired substrate. First, the sample is exposed to 10 sccm 

of oxygen plasma in a reactive ion etcher (RIE) at 100 W for 1 minute to remove the unwanted 

graphene from the backside. After plasma treatment, the sample was immersed in a copper etchant 

solution at 70°C until all copper was dissolved, then transferred through multiple DI water baths to 

rinse off residual etchant. The PMMA-graphene film was carefully lifted using an etch-resistant 

slide and deposited onto the Zeonor substrate. The PMMA layer was dissolved in acetone at 50°C 

for 1 hour to complete the transfer. This transfer method preserves the monolayer integrity and 

minimizes contamination, ensuring a high-quality graphene surface suitable for THz optical 

measurements. 
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Figure 3.4 Sequential steps of the wet-transfer process for CVD-grown graphene. (a) Copper foil 

covered with monolayer graphene; dashed lines indicate cutting geometry for individual samples. 

(b) Sample mounted on a glass slide using adhesive tape. (c) PMMA supporting layer spin-coated 

over graphene. (d) Backside graphene removed using O₂ plasma. (e) Sample immersed in copper 

etchant solution. (f) Floating graphene/PMMA film is rinsed in DI water and transferred to the 

substrate. (g) PMMA is dissolved in acetone to yield the final transferred graphene layer. Schematic 

of the graphene wet transfer process from copper foil to Zeonor substrate. (a–g) The procedure 

includes PMMA spin-coating, oxygen plasma treatment, copper etching, DI water rinse, and 

PMMA removal. Figure adapted from [107]. 

3.2.2 Multilayer Graphene and Gated Sample Architecture 

To fabricate multilayer structures, alternating layers of graphene and a 60 nm-thick Al₂O₃ insulating 

spacer were sequentially stacked on the same Zeonor substrate. The Al₂O₃ layers were deposited 

using an electron-beam evaporator (NexdepSeries, Angstrom). The resulting stack maintained 

spacing between the graphene sheets while preserving optical and electrical isolation. 

To implement electrical gating, a set of 5 nm Ti / 20 nm Pd / 150 nm Au electrodes were deposited 

on the sides of the graphene layers using thermal evaporation through a shadow mask. The source 

and drain terminals made direct contact with the outermost graphene layers, while the gating 

contact was applied via a transparent polymer electrolyte. The polymer electrolyte, consisting of 



56 

polyethylene oxide (PEO) and LiClO₄ in an 8:1 weight ratio, was dissolved in methanol and spray-

coated onto the graphene area [108,109]. The complete sample was mounted on a custom-designed 

printed circuit board (PCB) with a central hole to allow THz transmission. A schematic of the gated 

multilayer graphene sample structure and a photograph of the fabricated structure on the PCB is 

shown in Fig. 3.5. 

For each device, a gate offset voltage was applied to compensate for intrinsic (usually p-type) 

doping introduced during the wet transfer or by interfacial effects. The values varied between 

0.1–0.3 V across samples and were optimized to shift the Fermi level toward the Dirac point. All 

electrical measurements were performed using Keithley 2400 source meters under a constant bias 

configuration. 

Figure 3.5 a Schematic of the multilayer graphene stack used in electrically gated samples. 

Graphene layers are spaced using 60 nm-thick Al₂O₃ dielectric layers. The top and bottom graphene 

sheets are connected to electrodes functioning as source and drain terminals, while gating is 

achieved via a polymer electrolyte [LiClO₄–PEO] layer deposited atop the stack. b Photograph of 

the completed device mounted on a custom PCB designed for simultaneous optical transmission 

and electrical characterization.Photograph of a completed electrically gated multilayer graphene 

sample mounted on a custom PCB. The design enables optical access from the rear and electrical 

contacts for source, drain, and gate terminals. 
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3.2.3 Graphene oxide sample preparation 

In addition to CVD graphene, we fabricated graphene oxide (GO), reduced graphene oxide (rGO), 

and highly reduced graphene oxide (hrGO) samples for comparative nonlinear optical 

measurements. To prepare GO samples, a 0.5 mg/mL aqueous dispersion of graphene oxide (Sigma 

Aldrich) was sonicated for 30 minutes to ensure uniform flake distribution. The solution was then 

spray-coated onto quartz substrates using a home-built system comprising an airbrush (VH174, 

VIVOHOME) operating at 30 kPa. The substrates were maintained at 150 °C on a hotplate to 

facilitate rapid solvent evaporation and promote uniform film formation. A schematic of the spray 

coating setup used to deposit GO is shown in Fig. 3.6. 

For fabrication of rGO, the GO dispersion was chemically treated with hydrazine hydrate (Sigma 

Aldrich). A solution with a GO:hydrazine volume ratio of 1:0.04 was left at room temperature for 

24 hours, resulting in a color change from dark brown to black, indicating chemical reduction. The 

resulting suspension was then sonicated again at 40 kHz for 30 minutes to promote exfoliation of 

the rGO layers. hrGO samples were produced by subjecting the rGO films to thermal annealing at 

800 °C for 2 hour in a nitrogen atmosphere. This process effectively removes oxygen-containing 

functional groups and enhances the conductivity and crystallinity of the films. This multi-step 

fabrication approach allows precise control over GO thickness, reduction level, and structural 

properties, enabling a systematic investigation of their THz-induced nonlinear optical response. 

Figure 3.6 shows schematic of the spray coating technique used for GO and rGO film deposition. 

A dispersion of GO flakes in water is atomized through an airbrush onto a heated substrate placed 

on a hotplate, enabling solvent evaporation and formation of a uniform GO film [110]. 
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Figure 3.6 a Schematic of the spray coating technique used for GO film deposition. A dispersion 

of GO flakes in water is atomized through an airbrush onto a heated substrate placed on a hotplate, 

enabling solvent evaporation and formation of a uniform GO film. b AFM image of the spray-

coated GO film on a quartz substrate, along with the corresponding height profile. 

3.3 Plasmonic metasurfaces 

Plasmonic metasurfaces were designed and fabricated to tailor the spatial and spectral properties 

of THz radiation through engineered resonances and field confinement. Over the course of this 

research, we designed and implemented a wide variety of plasmonic structures—including 

bandpass filters, bandstop filters, polarizers, broadband structures, and tailored resonators—each 

serving a specific functional role depending on the needs of different experiments. These 

metasurfaces provided not only spectral shaping and polarization control, but also local field 

enhancement necessary for boosting nonlinear optical interactions, such as third-harmonic 

generation, especially when integrated with active 2D materials like graphene (chapter 5). 

Metasurface fabrication was performed in collaboration with Iridian Spectral Technologies 

(Ottawa, Canada), leveraging their experience in advanced lithographic techniques and large-area 

uniform deposition. Both aluminum and gold were employed as the plasmonic metal layers 

depending on the target resonance and process compatibility. Characterization of fabricated 

structures was carried out using a suite of nanofabrication and metrology tools including atomic 

force microscopy (AFM), Dektak profilometry for height measurements, optical microscopy for 
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pattern fidelity inspection, and Raman spectroscopy to confirm material quality and verify graphene 

layer integrity post-transfer. 

3.3.1 FDTD simulation and design principles 

The metasurfaces employed in this study were designed using a 3D finite-difference time-domain 

(FDTD) solver (Lumerical Inc.) to manipulate THz field profiles and engineer local field 

enhancements at the target frequency. The simulations modeled the metasurfaces as periodic arrays 

of metallic elements on a dielectric substrate, incorporating boundary conditions such as perfectly 

matched layers (PMLs) along the optical axis and periodic boundary conditions in the transverse 

plane. Mesh sizes as small as 30 nm in the plane of the metasurface and a few nm in the propagation 

direction were employed to ensure accurate field distribution near sharp metallic features. 

3.3.2 Fabrication of metasurface structures 

The metasurfaces were fabricated on 188 µm-thick Zeonor substrates via conventional 

photolithography. A negative lift-off resist was patterned to define the metasurface layout, followed 

by aluminum deposition (220 nm) via sputtering and lift-off to form the metallic features. High 

uniformity and reproducibility were confirmed by AFM and optical microscopy. An example of 

the topography of a fabricated metasurface, captured via AFM, is shown in Fig. 3.7b. 

For bilayer metasurface structures, two identical metasurfaces were stacked with a dielectric 

coupling layer consisting of low-loss, THz-transparent double-sided adhesive films sourced from 

3TC and Nitto. Specifically, we used tapes from Nitto Denko Corp. (Osaka) with thicknesses of 

10 μm (No. 5601) and 30 μm (No. 5603), and tapes from 3TC (Taichen Corporate (Jiangxi) Co., 

Ltd.) with thicknesses of 10 μm (J0005) and 15 μm (J0010). These films provided mechanical 

stability, precise vertical spacing, and excellent optical transparency in the THz regime, ensuring 

reproducible spectral characteristics across devices between them. Alignment was achieved using 

a photomask aligner, allowing sub-micron precision in overlaying the structures. This stacking 
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enables advanced spectral filtering characteristics such as sharp roll-offs and high stopband 

attenuation as discussed in Chapter 4. 

3.3.3 Graphene-metasurface hybrid structures and gating 

To study nonlinear optical interactions, multilayer graphene sheets were transferred onto the 

metasurfaces using the same wet-transfer protocol described earlier. A 60 nm Al₂O₃ spacer layer 

was first deposited on the metasurface to avoid direct contact between graphene and the metal, 

minimizing plasmonic quenching and preserving high nonlinear response. Gating was achieved 

using a spray-coated polymer electrolyte (LiClO₄–PEO) applied atop the graphene layers. Source 

and drain electrodes were connected to the top and bottom graphene sheets, while the gate electrode 

controlled the carrier density via the electrolyte layer. This configuration enables electrostatic 

tuning of the optical response. A schematic of the hybrid structure, the mask alignment setup used 

for metasurface stacking, and an AFM image of a fabricated unit cell are shown in Fig. 3.7b [106]. 

Figure 3.7 a Schematic of the bilayer plasmonic metasurface structure. Two metasurfaces 

consisting of periodic metallic square-loop arrays deposited on Zeonor substrates are stacked and 

separated by a dielectric coupling layer composed of a low-loss adhesive tape. b 3D atomic force 

microscope (AFM) image of the unit cell structure fabricated in (a), demonstrating nanoscale 

feature fidelity. c Schematic of the gated graphene–metasurface hybrid structure. Multiple graphene 

sheets spaced by Al₂O₃ are transferred above the yellow cross-shaped plasmonic metasurface and 

gated using a polymer electrolyte layer. 
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Chapter 4 
Metamaterial-based THz spectral filters for 

nonlinear optical experiments 

Figure 4.1 Artwork representing a multilayer stacked metasurface structure acting as a THz 

spectral filter. 
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4.1 Motivation and experimental challenge 

In recent years, there has been significant interest in exploring the nonlinear THz response of two-

dimensional materials such as graphene. Landmark studies, including the 2018 work by Hafez et 

al. published in Nature [38], demonstrated extremely efficient high-harmonic generation (HHG) in 

graphene under intense THz excitation. Subsequent works [49,67] extended these findings to 

complex THz nonlinearities and electrically tunable responses in graphene-based systems. 

However, all these pioneering experiments relied on advanced accelerator-based THz sources, 

particularly the TELBE facility in Germany, capable of producing high-field, narrowband THz 

pulses with excellent signal-to-noise characteristics [111]. TELBE operates using a 

superconducting radio-frequency (SRF) linear accelerator that generates coherent THz pulses via 

superradiant emission from ultrashort, high-charge electron bunches passing through diffraction 

radiators or undulators. This approach enables the production of both broadband and tunable 

narrowband THz radiation with high field strength and repetition rate [111]. Figure 4.2 compares 

the performance of various laser-based THz sources with the TELBE facility, a superconducting 

accelerator-driven source. TELBE exceeds the pulse energy of laser-based systems by more than 

two orders of magnitude and operates at significantly higher repetition rates, which are critical for 

achieving superior signal-to-noise ratios in sensitive THz measurements. 
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Figure 4.2 Comparison of THz pulse energy versus repetition rate for various laser-based sources 

(black dots) and the TELBE accelerator-driven facility (blue-shaded). The regions marked TELBE 

@ 100 pC and TELBE @ 1 nC correspond to different bunch charge operation modes of the TELBE 

Superconducting Radio-Frequency (SRF) accelerator, with higher charge (1 nC) enabling pulse 

energies in the 100 μJ regime via enhanced superradiant emission. Figure adapted from [111]. 

Such facilities, however, are not widely accessible. A major objective of this PhD project was to 

develop a pathway to perform THz nonlinear optical experiments using conventional table-top THz 

sources, which are far more accessible and cost-effective. These systems, based on optical 

rectification, typically generate broadband THz pulses with limited field strength and high 

background noise—factors that complicate the observation of weak nonlinear signals such as 

harmonic generation. 

4.2 Design strategy: spectral filtering for table-top THz Systems 

To address the challenges of broadband excitation and high noise levels inherent in table-top THz 

sources, a spectral filtering strategy was adopted to tailor the THz field before and after its 

interaction with the nonlinear sample, as outlined earlier in Section 3.1 (Chapter 3). The key idea 

is to suppress unnecessary spectral components that carry excess noise, thereby enhancing the 

detection sensitivity for weak nonlinear signals. Specifically: 
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• Bandpass filtering was implemented before the sample to isolate the pump frequency and 

suppress all other spectral components. This ensured that the nonlinear interaction was driven 

by a well-defined excitation frequency. 

• Highpass filtering was applied after the sample to eliminate residual pump light and selectively 

transmit higher-frequency harmonic signals generated in the material, significantly improving 

signal-to-noise performance. 

Since high-performance commercial filters are scarce in the THz domain—unlike in the optical or 

microwave regimes—this thesis pursued the custom design and fabrication of THz spectral filters 

tailored for harmonic generation experiments. 

Designing high-performance THz filters suitable for nonlinear optical experiments requires 

satisfying several critical criteria. An ideal filter must exhibit (i) high transmission within the 

passband to efficiently deliver the pump pulse to the sample, along with low insertion loss to 

preserve pulse energy. Equally important is (ii) achieving deep attenuation in the stopband to 

suppress unwanted spectral components—particularly residual pump fields and broadband 

background radiation. (iii) Sharp spectral roll-offs between passband and stopband are essential for 

isolating the pump frequency from generated harmonics. Additionally, (v) the ability to design 

filters with ultra-broadband performance—such as octave-wide passbands—is highly desirable, 

particularly for highpass configurations intended to transmit a wide range of high-frequency 

harmonics generated in nonlinear experiments. Finaly, (iv) practical considerations such as 

reproducibility in fabrication, mechanical robustness, and compatibility with scalable and cost-

effective manufacturing techniques must be addressed. These characteristics are especially 

important in the THz regime, where commercial filter availability is limited, and custom solutions 

must often meet demanding experimental specifications. 
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In this chapter, we focus on the design, simulation, and fabrication of these spectral filters using 

stacked metasurface architectures. Our approach employed multilayer metamaterial structures, or 

consisting of identical metasurfaces separated by a precisely defined THz-transparent dielectric 

spacers. While the single-layer metasurfaces were fabricated in collaboration with Iridian Spectral 

Technologies, the multilayer stacking strategy—designed and assembled at the University of 

Ottawa—enabled sharper spectral roll-offs and deeper stopband attenuation compared to single-

layer designs. An artist illustration of the multilayer plasmonic metasurface configuration is shown 

in Fig. 4.2. 

These filters serve as enabling tools for our subsequent nonlinear experiments. Over the course of 

the project, the filter designs were progressively optimized to improve out-of-band attenuation and 

spectral selectivity. Notably, the attenuation performance improved significantly across different 

experiments — from approximately 40 dB in the measurements presented in Chapter 5 to nearly 

50 dB in the experiments described in Chapter 6. This advancement in filtering performance was 

critical for suppressing background signals and isolating weak nonlinear responses. In Chapters 5 

and 6, we demonstrate how these custom-designed components were instrumental in revealing 

high-order harmonic signals in graphene and graphene oxide. Their integration was key to 

improving the sensitivity, selectivity, and robustness of THz-driven nonlinear measurements. 

The results of this work have been published in Photonics Research [31] (2023) under the title 

“Metamaterial-based octave-wide terahertz bandpass filters” and were also presented at multiple 

international conferences [112–114]. These documents are reproduced in their published form in 

the remainder of this chapter. 
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We present octave-wide bandpass filters in the terahertz (THz) region based on bilayer-metamaterial (BLMM) 
structures. The passband region has a super-Gaussian shape with a maximum transmittance approaching 70% 
and a typical stopband rejection of 20 dB. The design is based on a metasurface consisting of a metallic square-
hole array deposited on a transparent polymer, which is stacked on top of an identical metasurface with a 
subwavelength separation. The superimposed metasurface structures were designed using finite-difference 
time-domain (FDTD) simulations and fabricated using a photolithography process. Experimental characteriza-
tion of these structures between 0.3 and 5.8 THz is performed with a time-domain THz spectroscopy system. 
Good agreement between experiment and simulation results is observed. We also demonstrated that two super-
imposed BLMM (2BLMM) devices increase the steepness of the roll-offs to more than 85 dB/octave and enable a 
superior stopband rejection approaching 40 dB while the maximum transmittance remains above 65%. This work 
paves the way toward new THz applications, including the detection of THz pulses centered at specific frequen-
cies, and an enhanced time-resolved detection sensitivity toward molecular vibrations that are noise dominated by 
a strong, off-resonant, driving field. © 2023 Chinese Laser Press 

https://doi.org/10.1364/PRJ.472109 

1. INTRODUCTION 

Sub-wavelength structures, also referred to as metamaterials, are 
deemed to play a crucial role for the advancement of terahertz 
(THz) technologies, notably in the fields of wireless commu-
nications [1,2], imaging [3], and signal processing [4]. These 
structures can be engineered to control several parameters of a 
THz pulse, such as its spectral amplitude, spatial phase, local 
field distribution, and polarization state [5,6]. Recently, meta-
materials have been used to tune the properties of a THz pulse 
in both the spectral and temporal domains [7,8]. Other devices 
such as compact metalenses [9], chemical sensors [10], optical 
switching modulators [4], and perfect absorbers [11,12] were 
demonstrated when the metamaterial is confined to a single 
plane to form a metasurface. Metallic-based THz metasurfaces 
benefit from relatively low plasmonic loss compared to their 
counterparts operating in the visible or near-IR regions. More 
importantly, for many applications, these devices do not require 
precision nanofabrication tools since the metallic structures 
are in the range of tens of microns, scaling proportionally 
with the wavelength of operation, which is 300 μm (at 1 THz). 

The relatively large feature sizes of metasurfaces allow them to 
be fabricated with a scalable and cost-effective metal deposition 
and photolithography techniques. Moreover, metasurface devi-
ces fill a special niche for spectral filtering applications in the 
THz region since multilayered dielectric filters, such as those 
commonly used in the visible and near-IR regions, would re-
quire the deposition of millimeter-thick coatings, which is both 
costly and technically challenging. Previous works demon-
strated that plasmonic modes in the THz region can be used 
to achieve tunable spectral filters [8], wide bandstops [13], and 
bandpass spectral filters [14]. Sharp bandpass spectral filters are 
especially important for signal detection since they can be used 
to select specific spectral components while rejecting unwanted 
frequencies that contribute to the noise. In standard time-
resolved measurements in which all frequencies are effectively 
resolved simultaneously, this approach can significantly im-
prove detection sensitivity over a given spectral region [15]. 

In recent years, multilayered plasmonic metasurfaces have 
been designed and fabricated to enable new coupled electric 
or magnetic modes that can contribute to creating broadband 
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resonances [16–18]. These filtering devices rely on two or 
more planar periodic arrays of subwavelength structures using 
different shapes such as rectangles, crosses, or circular-slot 
structures [13,16,17,19]. They can also include phase-
changing materials, such as vanadium dioxide, to achieve tun-
able spectral properties [20]. The performances of such filters 
are typically evaluated from three main criteria: (i) the maxi-
mum transmission power within a flat passband window, 
(ii) the rejection efficiency of frequency components in the 
stopband region, and (iii) the transition between the passband 
and stopband regions, also referred to as the roll-off, which ul-
timately allows the device to distinguish desired spectral com-
ponents from those nearby frequencies that must be blocked. In 
this paper, the broadband THz filtering properties of a bilayer 
metamaterial (BLMM) device are demonstrated featuring 
∼70% flat-top transmittance over an octave-spanning band-
width. The stopband attenuation is greater than 10 dB over 
the spectral window of interest (0.3 to 5.8 THz) with some 
spectral regions featuring more than 20 dB attenuation. This 
device relies on two identical plasmonic metasurfaces, both 
based on a square-loop hole periodic array, separated by a trans-
parent polymer (“coupling”) layer. The BLMM design is first 
optimized for broadband transmission in the THz region using 
numerical FDTD simulations, then fabricated with standard 
photolithography techniques, and finally characterized using 
a time-domain THz system. An excellent agreement is observed 
between the theoretical and experimental results. In addition, it 
is demonstrated that stacking two BLMMs dramatically im-
proves the rejection efficiency in the stopband region while 
the maximum transmittance remains relatively unaffected. 

2. EXPERIMENT 

Figure 1(a) shows a schematic of the BLMM broadband filters, 
which consist of two identical plasmonic metasurfaces sepa-
rated by a thin dielectric coupling layer. A photolithography 
process using a negative lift-off resist to pattern the desired 
metasurface (square-loop hole arrays) on a 188 μm thick 
Zeonor substrate (Zeonor is a cyclo-olefin copolymer transpar-
ent to THz radiation with a refractive index of n ∼ 1.53 at 
1 THz). Aluminum is next deposited onto the patterned sub-
strate using a sputtering process. It is then followed by a lift-off 
process that results in the desired metallic square-loop hole 
arrays that have a fourfold symmetry that ensures a linear op-
tical response independent of the incident polarization state. 
Figures 1(b) and 1(c) show the topography of the fabricated 
metasurface as measured with an atomic force microscope 
(AFM) and an optical microscope, respectively. Depth profile 
analysis of the structures, as shown in Fig. 1(d), indicates a uni-
form aluminum thickness of ∼220 nm. To create a steeper 
bandpass fall-off, a “double-cavity” BLMM structure is created 
using two identical metasurfaces (described above) in which the 
metasurface layers are separated by a thin dielectric coupling 
layer. Double-sided tapes are used as dielectric layers, which 
allows two metasurface devices to easily bind together. Previous 
work has demonstrated that the spectral properties of bi-
layered structures are relatively robust to misalignment between 
the structural elements of the stacked metasurfaces [19,21]. 
Nonetheless, we used a mask aligner to achieve a submicron 
positioning of the overlapping square-loop hole pattern to 
ensure good reproducibility between different samples and 
optimal agreement between experimental measurements and 

Fig. 1. (a) General schematic of the bilayer-metamaterial (BLMM) bandpass filter. Two plasmonic metasurfaces are placed adjacent to each other 
separated by a dielectric coupling layer of thickness d . Each metasurface consists of an array of a metallic square-loop hole structure deposited on 
Zeonor, a THz transparent substrate. The lattice pitch (P), length of the outer square-loop hole (L), and length of the inner square-loop hole (w) of  
the array are labeled with black arrows. (b) 3D atomic force microscope (AFM) image and (c) optical microscope image of the device S2, and 
(d) corresponding depth profile indicating a metal depth of ∼220 nm. (e) THz power transmittance of the commercial double-sided adhesive tapes 
from Nitto and 3TC used in the fabrication of the BLMM and 2BLMM devices. In this experiment, the double-sided tapes are laminated on a 
Zeonor substrate and the spectral transmission measured through that substrate is also displayed (black line). 
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numerical simulations. The tape is applied manually on the 
metallic side of a metasurface device while an identical device 
is positioned and pressed against the first one. We used differ-
ent tape thicknesses to achieve optimal filtering properties at 
different THz regions. We are, however, limited to the thickness 
offered by commercial suppliers. In this work, we used tapes 
from Nitto Denko Corp. (Osaka) with thicknesses of 10 μm 
(No. 5601) and 33 μm (No. 5603), and tapes from 3TC 
[Taichen Corporate (Jiangxi) Co., Ltd.] with thicknesses of 
9 μm (J0005) and 13 μm (J0010). Table 1 catalogs their use 
in the different devices presented in this work. The thickness 
of the tapes is measured with a profilometer (Dektak, Bruker, 
Billerica) and its THz absorption is characterized with time-re-
solved THz measurements. Figure 1(e) shows the THz spectral 
transmission of different tapes laminated on a Zeonor substrate 
as well as the one measured with the bare substrate (labeled as 
Zeonor). 

The BLMM devices are characterized using time-domain 
THz spectroscopy. The experimental setup relies on an optical 
source delivering 60 fs pulses centered at a wavelength of 
1030 nm [22,23]. Optical rectification in a 200 μm thick 
110-orientated GaP crystal generates broadband THz transi-
ents detected by electro-optic sampling relying on an identical 
nonlinear detection crystal. Numerical simulations are per-
formed with a 3D finite-difference time-domain (FDTD) 
solver (Lumerical Inc.) to investigate and optimize the target 
design parameters and achieve the desired broadband filtering 
properties in the THz region. As shown in the inset of Fig. 1(a), 
the geometry of the metallic structure is defined from its lattice 
pitch (P), length of the outer square-loop hole (L), length of the 
inner square-loop hole (w), and the thickness of the dielectric 
coupling layer (d ) separating the two metasurfaces. We mod-
eled the tape as a lossy dielectric layer with a real part and an 
imaginary part of the refractive index corresponding to 
n  1.65 and k  0.003, respectively, which are, within a 
small uncertainty, the frequency-independent values obtained 
with time-resolved THz spectroscopy for all tape samples. 
Periodic boundary conditions along the in-plane axes are em-
ployed in the simulations as well as a perfectly matched layer 
(PML), which is applied in the direction of optical propagation 
to absorb all incident fields and prevent reflection at that 
interface. 

The geometrical dimensions shown in Table 1 were deter-
mined using numerical simulations to obtain a broad, sharp, 
and symmetrical bandpass region centered at different frequen-
cies. Due to scale invariance, decreasing the size of all geomet-
rical parameters by the same amount proportionally shifts the 

device’s transmittance profile to shorter wavelengths (higher 
frequencies). The structures S1, S2, and S3 are based on a 
common metasurface design displaying similar ratios between 
geometrical parameters. As a result, these three filters display 
similar properties in terms of bandwidth, roll-offs, and overall 
transmittance profile. Limitations in the wafer-size photoli-
thography process prevented using the same filter design at 
higher frequencies since defects and spatial homogeneity across 
the devices play a larger role as the structure parameters are 
decreased. More specifically, it was established that the mini-
mum feature sizes of P−L should not be less than 4 μm. 
The devices S4, S5, and S6 are therefore designed using a differ-
ent model to explore filtering properties centered around 
3 THz, while ensuring the minimum feature is large enough 
to ensure the fabrication of high-quality samples. Note that 
the coupling parameter d cannot be fully controlled because 
it is based on the thickness of the adhesive region between 
the two metasurfaces. 

3. RESULTS AND DISCUSSION 

A. Spectral Filtering Performances 
The metasurface geometry used for the fabrication of six 
BLMM devices, labelled S1 to S6, is presented in Table 1. 
Figures 2(a) and 2(b) show that the measured THz transmis-
sion spectrum (circles) corresponding to each structure is in 
good agreement with FDTD simulation results (solid lines). 
We find that the ratio between the highest and lowest frequen-
cies at half the maximum of the transmittance corresponds to 2, 
2.2, 1.9, 1.7, 1.9, and 2.8 for the devices S1 to S6, respectively. 
Therefore, the BLMM designs demonstrate an FWHM band-
width that corresponds to approximately one octave (or a factor 
of 2). The transmittance spectra exhibit a super-Gaussian shape 
with a measured transmittance >70% in the passband region. 
This relatively high transmittance is partially attributable to 
the weak Fresnel reflection at the air–polymer interface, which 
is significantly lower than that typically observed at an air– 
semiconductor interface [8]. Additionally, the BLMM devices 
exhibit steep roll-offs (as measured from the high-frequency 
side of the passband) of >50 dB=octave and up to 100 dB/ 
octave for S6. Such roll-off values are larger than those reported 
for other double-layered metamaterial devices based on struc-
tures such as skewed circular slot rings (30.2 dB/octave), mean-
dered slots (44.6 dB/octave), and Jerusalem cross slots 
(58.3 dB/octave) [19]. These roll-offs are also comparable to 
those reported for more complex multilayered metamaterial 
structures [24]. As shown in Fig. 2(b) for S1, S2, and S3, such 

Table 1. Geometrical Parameters of the Broad Bandpass Devicea 

Device P (μm) L (μm) w (μm) d (μm) Tape f 0 (THz) Δf (THz) 

S1 86 80 60 33 No. 5603 0.84 0.58 
S2 70 66 48 33 No. 5603 1.00 0.77 
S3 52 48 36 23 J0010 and No. 5601 1.46 0.86 
S4 29 23 17 10 No. 5601 3.10 1.57 
S5 28 24 16 10 No. 5601 3.17 2.02 
S6 32 28 15 33 No. 5603 3.44 3.20 

aP is the lattice pitch, L is the outer square-slot length, w is the inner square-slot length, and d is the distance between two metasurfaces, as shown schematically in 
Fig. 1(a). The tapes used in the device fabrication are also listed as well as the center frequency (f 0) of the passband region and its spectral bandwidth (FWHM) (Δf ). 
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a roll-off leads to a significant transmittance suppression, 
approaching 30 dB within an octave of the central transmitted 
frequency. Furthermore, the attenuation of these devices re-
mains relatively high (>10 dB) at frequencies extending be-
yond an octave from the passband region. Figure 2(c) shows the 
measured maximum transmittance (T max) of the six devices as a 
function of frequency, in which circles indicate the center fre-
quency of the passband filters and horizontal lines correspond 
to the FWHM linewidth of the devices. Another figure of merit 
used to characterize bandpass filters is the fractional bandwidth 
(FBW) defined as the absolute bandwidth at FWHM divided 
by the central frequency. As shown in Fig. 2(d), our structures 

feature an FBW > 50%, and up to 93% for S6, which is, to the 
best of our knowledge, the largest FBW reported for a THz 
bandpass filter. Compared to single-layer metasurface struc-
tures, the BLMM design provides a broad bandpass region with 
higher attenuation in the stopband region, a flatter passband, 
and steeper roll-offs [25–27]. 

B. 3D Numerical Simulations 
2D maps of the electric field spatial distribution and surface 
current distribution on the metallic layer of the structure S5 
are shown in Fig. 3. Focusing on the spectral components 
within the bandpass region of the filter, Fig. 3(a) shows a 

Fig. 2. THz measured (circles) and simulated (solid lines) transmittance spectrum of the BLMM-based broad bandpass filters in (a) linear scale 
and (b) semi-logarithmic scale. Experiments are performed with a time-domain THz spectroscopy system and are in good agreement with FDTD 
simulation results. (c) Measured maximum transmission (T max) of the structures over center frequency in semilogarithmic scale, in which error bars 
present the corresponding octave-spanning FWHM linewidth. (d) Calculated fractional bandwidth (in percentage) of all BLMM devices over 
frequency for the experiment results. 

Fig. 3. Normalized electric field amplitude distribution of the BLMM structure S5. The arrows indicate surface current distribution within one 
period of the array. (a) Top view distribution in x−y plane at the surface of the bottom layer plasmonic structure (z  0.2 μm) at the frequency of 
2.9 THz. (b) and (c) Side view of the electrical field distribution and direction in the x−z plane, corresponding to a 2D cross section taken at 
y  −8 μm at a frequency of 2.9 THz and 3.6 THz, respectively. The gray 3D schematics in (b) and (c) illustrate the simulated unit cell of the 
stacked metasurfaces. The incident THz wave propagates in the z direction and is polarized along the x direction. 
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top view of the device with localized surface resonances at 
2.9 THz. A field enhancement of 26 (relative to the incoming 
field amplitude) is observed at the corners of the central square 
structure along with an anisotropic field distribution with 
higher field amplitudes along the lateral sides of the structures 
due to the incident horizontal polarization. Electrical currents 
are induced at the outer edge of the central square and the inner 
edge of the surrounding frame with similar magnitude but op-
posite directions. Figures 3(b) and 3(c) show a cross section of 
the electric field amplitude and direction at frequencies of 2.9 
and 3.6 THz, respectively, corresponding to the boundaries of 
the filter passband region. This side view is taken at the edge of 
the inner square structures with a 3D schematic of the unit cell 
(in gray) superimposed. Spectral filters relying on stacked meta-
surfaces are able to support effective cavity modes dominated 
by electric dipole resonances, magnetic dipole resonances, and 
standing-wave-like resonances, as previously discussed in the 
literature [13,16,17,19,28,29]. In Fig. 3(b), the symmetric 
oscillation of the induced current in the top and bottom 
layers indicates an electric dipole resonance. At a slightly up-
shifted frequency, Fig. 3(c) shows an antisymmetric resonance 
where electrical currents in the top and bottom layers oscillate 
in opposite directions. Such a mode is related to a magnetic 
dipolar resonance. It is the interference between these two 
modes, also referred to as trapped modes [29,30], that leads 
to such a broad and sharp passband region centered at 
3.1 THz. Note that the surrounding frame creates a standing-
wave-like resonance, which increases the absorption in the 
stopband region [16,19]. 

C. 2BLMM Design 
To create devices with improved spectral-filtering perfor-
mances, two BLMMs were joined together with a thin adhesive 
film (3TC-J0005) to fabricate a 2BLMM device shown sche-
matically in Fig. 4(a). Based on the thickness of the Zeonor 
substrate and the adhesive film, the two BLMM structures are 
separated by a distance D  386 μm, which is large enough to 
prevent near-field effects. The configuration is therefore inde-
pendent of the relative cross structure alignment and orienta-
tion. We compare in Figs. 4(b) and 4(c) the THz transmittance 
measured with S2 and S4 as individual BLMM devices (blue 
curves) and the transmission measured in a 2BLMM configu-
ration (orange curves). The 2BLMM devices show improved 
filtering performances in terms of the background attenuation. 
The stopband region, for example, provides stronger signal at-
tenuation by approximately two orders of magnitude (dotted 
lines). In addition, the roll-offs (as measured from the high-
frequency side) now correspond to 86 dB/octave and 85 dB/ 
octave for S2-2BLMM and S4-2BLMM, respectively, an im-
provement corresponding roughly to the square value of the 
roll-offs measured with the corresponding BLMM devices. 
This stronger stopband attenuation and the sharper transitions 
between the passband and stopband regions are consistent 
with a design based on two independent BLMMs, where the 
transmittance spectrum then corresponds to the square trans-
mittance of a single device. There are, however, significant ad-
vantages in stacking and binding the two BLMMs. First, the 
maximum transmittance in the passband region is kept rela-
tively high (>65%) because there is no air gap, thus avoiding 

Fig. 4. (a) Schematic of the 2BLMM devices fabricated from two BLMM structures bound together with double-sided tape (separated by a 
length D). Comparison of the measured THz transmission of the BLMM (blue curve) and 2BLMM (orange curve) devices for (b) S2 and 
(c) S4. Dotted lines show the averaged attenuation floor. 
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additional Fresnel reflections. A stronger than expected attenu-
ation also is observed in the stopband region. For S2, the trans-
mittance between 4 and 5.5 THz is reduced from 10−1 to 
<5 × 10−4 (or 10 dB to 33 dB) when using a 2BLMM geom-
etry, which exceeds the expected signal reduction based on a 
square dependence. This enhanced signal reduction in the 
stopband region may be indicative of a dipole interaction be-
tween the two BLMM devices inducing a new coupled mode 
that contributes to reducing transmittance across this spectral 
region. 

D. Device Fabrication Repeatability 
To test the repeatability of the fabrication process of the 
BLMM devices, we fabricated two sets of samples on two differ-
ent days. Figure 5 shows the measured transmittance spectra 
for the two distinct devices based on the S2, S3, S4, and S6 
designs. The pairs of S2, S3, and S4 devices are nearly indis-
tinguishable on a linear scale [Fig. 5(a)], while a small (7%) 
difference in bandpass bandwidth (FWHM) can be seen for 
S6. This study indicates a reliable fabrication process and good 
repeatability. The small disparity could be due to misalign-
ments when attaching the two metasurfaces together, or some 
minor variations of the metasurface structure due to the photo-
lithography process. The S6 device is expected to be more 

susceptible to these variations because of its smaller feature 
sizes. 

E. Comparison to Previous Work 
We have compared the filtering performance of our devices 
with similar reported THz spectral filters also relying on a pair 
of coupled metasurfaces (see Table 2). Our BLMM and 
2BLMM devices based on square hole slot metasurfaces can 
feature a relatively large bandpass region, sharp roll-offs, high 
fractional bandwidths, and a strong attenuation in the stopband 
region. Those are among the most critical properties of a band-
pass filter. Furthermore, our design can support a bandpass cen-
tered at higher frequencies, while the structures presented in 
most previous work on THz filters were designed for the 
low frequency region (<2 THz) [16,19,21,24]. Finally, we re-
port a stopband region extending over an unprecedentedly large 
spectral region. For example, device S1, which has a peak trans-
mission around 0.9 THz, blocks spectral components between 
1.5 and 6 THz, by more than 30 dB. 

4. CONCLUSION 

We have designed and experimentally demonstrated six bilayer 
metamaterial (BLMM) devices with THz bandpass filtering 
properties. These devices feature a flat passband region centered 
at different frequencies, with a maximum transmittance ex-
ceeding 70% and a large spectral bandwidth corresponding 
to approximately one octave. The transmittance spectrum has 
a super-Gaussian profile featuring steep roll-offs, while the 
stopband region offers a strong signal suppression (generally 
>20 dB) and likely extends much beyond the investigated 
spectral region of 0.3 to 5.8 THz. Experimental measurements 
and FDTD simulations are in good agreement. The fabrication 
of the BLMM devices is relatively straightforward because it 
relies on a standard photolithography process. Furthermore, 
it has been demonstrated that 2BLMM devices can be joined 
together to improve the spectral filtering selectivity. This 
2BLMM configuration significantly enhances the signal sup-
pression in the stopband region while the transmission remains 
flat and high (>65%). We believe this type of filter design will 
play a major role in selecting THz signals contained within a 
known spectral region to notably enable sensitive wireless com-
munications systems [2]. In time-domain spectroscopy, spectral 
filtering can also lead to significant improvement of the SNR 
by notably blocking spectral components necessary to drive a 
nonlinear system while investigating the signal at higher 
harmonics [15]. 

Fig. 5. Measured THz transmittance spectrum of two batches (lines 
and circles) of the BLMM-based broad bandpass filters in (a) linear 
scale and (b) semi-logarithmic scale. There is a good repeatability be-
tween the pairs of S2, S3, S4, and S6 devices fabricated in two batches 
and characterized on two different days. 

Table 2. Performance Comparison of the Filters Presented in This Work to Similar Structures Based on Layered 
Metasurfaces Reported in the Literature 

Study Structure Bandpass FWHM (THz) Roll-off (dB/octave) FBW (%) Attenuation (dB) 

Current designs Square-loop hole 0.5–3.2 50–100 50–93 30–50 
Ref. [19] Skewed circular slot 0.85 30.2 51.7 ∼7 
Ref. [19] Meandered slots 0.45 44.6 60 ∼10 
Ref. [19] Jerusalem cross slots 0.45 58.3 82.2 ∼10 
Ref. [21] Square slot (fishnet) 0.4 – ∼37 ∼15 
Ref. [24] Cross slot 0.69 ∼74 ∼76 30 
Ref. [16] Custom-shape slot 0.47 ∼65 ∼67 30 
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Chapter 5 
Strategies to enhance third-harmonic generation 

in graphene-metamaterial architecture 

Figure 5.1 Cover image of Light: Science & Applications (Vol. 14, 2025), featuring our work on 

enhancing THz harmonic generation in graphene [47]. 
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In Chapter 4, we demonstrated the design and fabrication of custom THz spectral filters with 

octave-wide bandpass characteristics. These filters exhibit flat passband regions with maximum 

transmittance exceeding 60%, sharp spectral roll-offs, and strong signal suppression in the stopband 

(generally greater than 40 dB) [31]. In this chapter, we integrate these components into our tilted-

pulse-front table-top THz source to explore and enhance nonlinear optical responses in graphene. 

Specifically, we employ a combination of a bandpass filter (BPF) and a highpass filter (HPF)—as 

discussed in Chapter 3—to enable sensitive detection of third-harmonic generation (THG). The 

BPF is positioned before the sample to isolate the fundamental frequency, while the HPF is placed 

after the sample to suppress residual pump noise and transmit only the higher-frequency harmonic 

signals. 

Graphene’s extraordinary properties make it a promising material for a wide range of optoelectronic 

applications [48]. Its large third-order optical nonlinearity, broadband response, and ease of 

integration render it particularly attractive for all-optical switching and frequency conversion. In 

the THz regime, graphene exhibits an exceptionally high third-order nonlinear susceptibility—on 

the order of (3) 9 2 2 10 / m V  χ −
 [38]. However, a key challenge lies in the atomically thin nature

of monolayer graphene, which limits the overall interaction length and results in relatively weak 

nonlinear signal generation. This limitation presents a significant obstacle to the practical use of 

graphene in THz frequency conversion devices. To overcome this, our work implements three 

distinct strategies to enhance third-harmonic generation: 

1. Multilayer stacking: We stack multiple CVD-grown graphene layers, separated by thin 

dielectric spacers to reduce interlayer coupling. This approach increases the effective light– 

matter interaction length. For up to six layers, we observe enhancement factors as high as 33× 

in THG power compared to a monolayer. To understand and quantify this enhancement, we use a 

semi-analytical model that accounts for pump and third harmonic absorption across the stacked layers. 

The model includes layer-by-layer absorption using experimentally extracted coefficients based on 
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Beer–Lambert law and is validated through FDTD simulations (see Supplementary Information, 

Section S1). These absorption values are derived from measured and simulated transmission data. This 

framework allows us to realistically capture the nonlinear response and saturation behavior in multilayer 

graphene structures. 

2. Electrostatic gating: By applying a gate voltage via a polymer electrolyte layer, we modulate 

the carrier density in the graphene. This allows us to optimize the nonlinear conductivity by 

tuning the Fermi level away from the charge neutrality point, where nonlinear interactions are 

suppressed. 

3. Plasmonic metasurfaces: We utilize THz metasurface substrates to locally enhance the pump 

electric field at the graphene interface. Metasurface types explored include bandstop filters 

(BSF), bandpass filters (BPF), and wire-grid polarizers (WGP). Among these, BSF-based 

metasurfaces exhibit the highest enhancement, as confirmed by numerical simulations and 

experimental measurements. 

These findings are presented in our article: “Strategies to enhance THz harmonic generation 

combining multilayered, gated, and metamaterial-based architectures” Light: Science & 

Applications, Vol. 14, Article 44 (2025) [47]. 

This publication was honored by being featured on the cover page of Light: Science & Applications 

(see Fig. 5.1) and was selected as an Editor’s Highlight, recognizing its contribution to the 

advancement of nonlinear THz photonics. The results have also been presented at international 

conferences [115,116]. 

The full published article, along with its supplementary information, is reproduced in the following 

pages. 
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Strategies to enhance THz harmonic generation 
combining multilayered, gated, and metamaterial-
based architectures 
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Abstract 
Graphene has unique properties paving the way for groundbreaking future applications. Its large optical nonlinearity 
and ease of integration in devices notably makes it an ideal candidate to become a key component for all-optical 
switching and frequency conversion applications. In the terahertz (THz) region, various approaches have been 
independently demonstrated to optimize the nonlinear effects in graphene, addressing a critical limitation arising from 
the atomically thin interaction length. Here, we demonstrate sample architectures that combine strategies to enhance 
THz nonlinearities in graphene-based structures. We achieve this by increasing the interaction length through a 
multilayered design, controlling carrier density with an electrical gate, and modulating the THz field spatial distribution 
with a metallic metasurface substrate. Our study specifically investigates third harmonic generation (THG) using a 
table-top high-field THz source. We measure THG enhancement factors exceeding thirty and propose architectures 
capable of achieving a two-order-of-magnitude increase. These findings underscore the potential of engineered 
graphene-based structures in advancing THz frequency conversion technologies for signal processing and wireless 
communication applications. 

Introduction 
Nonlinear optics in the terahertz (THz) region has 

emerged as a promising field with diverse scientific and 
technological applications, fostering innovations in optical 
devices, advancements in material analysis, and ima-
ging1–3. Intense THz fields interacting with nonlinear 
materials offer pathways for fundamental insights, from 
studying solid-state materials to capturing carrier and 
phonon dynamics4–6. To enable ultrahigh-speed infor-
mation and communication technologies, many efforts 
are also invested to achieve efficient nonlinear THz fre-
quency converters7. An archetypal illustration of this 
process is high harmonic generation (HHG), where 
resulting photons are generated at energies corresponding 
to multiples of the incident photons’ energy8. 

Recent years have witnessed a broadening landscape of 
efficient THz HHG platforms relying on various materials. 
They include superconductors9,10, transition metal oxides 
(such as CaRuO3)

11, bulk semiconductors12, and most 
notably, Dirac fermion systems. Dirac electronic band 
structures exhibit a linear energy-momentum dispersion 
that has been associated with a strong nonlinear response 
at THz frequencies. These effects have been studied in 
different material geometries, such as one-dimensional 
(1D) massless Dirac systems (e.g. carbon nanotubes)13, 2D  
semimetals and topological insulators (e.g. Bi2Se3)

14–16, 
and 3D Dirac semimetals (e.g. Cd3As2)

17. HHG in 2D 
Dirac-fermion graphene18 has been reported across a 
wide spectral range, from the near-infrared19, to the mid-
infrared20–22 and the THz23–25 regions. One contribution 
to the optical nonlinearity of graphene can be closely 
linked to the transport dynamics of its carriers in response 
to an applied electric field. Unlike visible or NIR excita-
tions leading to interband transitions, a THz driving field 
causes intraband transitions. As free carriers absorb 
energy through Drude absorption, this energy is 
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redistributed, increasing the free-carrier temperature 
(exceeding 1000 K at THz field strength of 20 kV/cm)26 

due to graphene’s low electronic heat capacity. This rise in 
temperature reduces THz conductivity and absorption, 
leading to a heating-cooling cycle that creates strong 
thermodynamic nonlinearity and resulting in harmonic 
generation at odd multiples of the THz driving field 
frequency23,24,27. 
In the THz region, previous work on graphene relying 

on comparably narrowband accelerator-based super-
radiant THz sources reported a strong nonlinear response 
(χ 3 ð Þ  109 m2=V2), resulting in an efficient THG con-
version efficiency of 0.1%24. Remarkably, this nonlinear 
response in graphene is achievable at moderate THz 
pump field strengths ranging between 10 to 90 kV/cm, at 
room temperature, and under ambient conditions. To 
enhance nonlinear effects in graphene-based samples in 
the THz region, several approaches have been used. For 
example, previous work has shown that an optimization of 
the carrier density in graphene can enhance the power 
conversion efficiency of the THz THG28. Metasurfaces 
can also be used to locally enhance an incident pump field 
to enable stronger HHG in a graphene sheet, reaching up 
to a 1% field conversion efficiency at an incident field 
strengths <30 kV/cm29 . While these approaches are effi-
cient in boosting nonlinear effects, they have certain 
limitations. Notably, they have been demonstrated inde-
pendently in the context of a single graphene layer. A 
multiple-layer graphene device could offer longer inter-
action lengths to improve frequency conversion efficiency. 
However, it remains unclear how such a design could be 
combined with other techniques to enhance nonlinear 
effects. Moreover, most studies reported on THz HHG 
have relied on accelerator-based super-radiant sources, 
which provide narrow-bandwidth (20% of the central 
frequency, FWHM) multicycle THz pulses with peak field 
amplitudes reaching up to 85 kV/cm. Here, we access the 
regime of THz HHG using a table-top configuration 
generating a 32 kV/cm peak field, which consists of an 
ultrafast near-infrared source, a high-field THz setup, and 
a combination of THz spectral filters. Most importantly, 
we experimentally explore how to efficiently combine 
different strategies to enhance these nonlinear effects. 
Here, we investigate the enhancement of third harmonic 

generation (THG) in chemical vapor deposition (CVD) 
graphene through three distinctive approaches. We first 
investigate the nonlinear response of stacked decoupled 
graphene sheets, ranging from 1 to 15 layers. Results show 
a correlation between the field strength of the generated 
third harmonic and the increasing number of graphene 
layers with a maximum nonlinear signal observed for 6 
layers, partially due to a trade-off between enhanced 
interaction length and linear absorption. Then, we use an 
electrical gate to investigate the effect of doping 

concentration in a 1-, 2-, and 3-layer graphene stack. 
Finally, we look at the effect of a metallic patterned sub-
strate to locally enhance the THz driving field. We 
compare three types of metasurfaces acting on the THz 
driving field as a bandpass filter, a bandstop filter, and a 
linear wire-grid polarizer (WGP). The two kinds of 
spectral filters provide larger field enhancements than any 
previously reported metasurface substrates up to now 
used in these THz HHG experiments. A simple model is 
proposed to estimate the THG enhancement factor based 
on the metasurface geometry. This study on a various set 
of graphene-based architectures provides privileged 
insight on the combination of distinct experimental 
strategies to increase frequency conversion processes in 
2D materials. 

Results 
Stacked graphene layers 
We explore THG in CVD graphene within the THz 

region using a table-top time-resolved THz setup gen-
erating single-cycle pulses from a nonlinear lithium nio-
bate crystal30 with a peak field of 360 kV/cm (see 
Methods). Multilayered graphene samples are fabricated 
on a THz transparent Zeonor substrate by successively 
depositing single graphene layers onto each other with the 
wet-transfer method (see Methods) while a 60 nm-thick 
aluminum oxide (Al2O3) spacing layers, only located 
between graphene sheets, reduces interlayer interactions. 
The total sample thickness remains significantly sub-
wavelength, eliminating the need to satisfy phase-
matching conditions to achieve coherent nonlinear 
effects. 
The experimental configuration is shown schematically 

in Fig. 1. Sensitive detection of the THG signal requires 
the use of a lowpass filter (LPF), reducing the spectral 
width of the pump pulse and eliminating any residual 
pump at the third harmonic frequency. After the gen-
eration of the THG inside the graphene-based sample, a 
highpass filter (HPF) is used to limit the incident pump 
reaching the detection scheme. Although the HPF used in 
our experiment does not completely eliminate the pump, 
it still reduces the pump-induced noise at the third har-
monic frequency to a value close to the noise floor. This 
technique relying on a HPF significantly increases the 
sensitivity of time-resolved detection to monitor the 
creation of new spectral components24,29. The general 
design of these filters are described in previous work31 

and their spectral transmission properties are shown in 
Section 2 of the Supplementary Information. In brief, the 
LPF transmits multicycle THz pump pulse centered at the 
frequency, ω = 0.8 THz, and strongly attenuates (∼50 dB) 
spectral components beyond 1.5 THz. The HPF attenu-
ates the pump pulse by >30 dB while transmitting the 
third harmonic at 3ω. 
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We investigate six nonlinear samples consisting of 
stacked graphene sheets, from 1 to 15 layers, allowing us 
to vary the nonlinear interaction length. Figure 2a shows 
the spectrum of the THz pulse (blue line) transmitted 
through the LPF and used as the pump at the fundamental 
frequency ω. This graph only contains spectral measure-
ments collected with the 1-, 3-, and 6-layer graphene 
samples (purple, green and red lines, respectively) for 
enhanced clarity of the display. A distinct THG spectral 
peak at 3ω = 2.4 THz can be observed with an intensity 

increasing roughly quadratically with the number of gra-
phene layers (see Sections 1 and 3 in the Supplementary 
Information). The HPF, which role is to decrease the 
residual pump, allows the noise level at frequencies 
beyond 1.5 THz to settle close to the noise floor (grey 
shaded area), enabling sensitive monitoring of the non-
linear effects. Figure 2b shows the time-resolved multi-
cycle pump pulse (blue line) with a peak amplitude of 
32 kV/cm. This signal is compared to the THG waveform 
(red line) generated by a 6-layer graphene sample. The 

LPF 

THz 

HPF 

Sample 

Al 2 O 3 

ω 

PEO 

ω 

3ω 

3ω 

Fig. 1 Schematic of the experimental configuration at the sample position to generate and detect THz third harmonic generation. A LPF 
transmits a multicycle fundamental pulse at ω, which produces a signal at 3ω after nonlinear interactions in a graphene-based sample. The LPF and 
HPF consist of a superposition of four metasurfaces, but two only are schematically shown here for clarity. The graphene sheet is attached to 
electrodes (top and bottom), functioning as source and drain terminals for electrical characterization. Gating is facilitated by a polymer electrolyte 
[LiClO4-Polyethylene oxide (PEO)] layer deposited on top of the graphene sample 
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measured in samples with different numbers of graphene layers (green circles) compared with calculations (dashed lines). The error bars correspond 
to the standard deviation calculated from five measurements on different spots 
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time-resolved pump pulse is measured directly by electro-
optic sampling in the experiment. The third harmonic 
waveform, weak in amplitude in comparison to the resi-
dual pump, is extracted by numerically applying a spectral 
bandpass filter around 2.4 THz and then using the inverse 
Fourier transform. Figure 2c shows the third harmonic 
peak amplitude obtained with all the samples investigated 
in this experiment. The largest nonlinear signal is 
obtained with the stack of 6 layers. This sample yields a 
THG peak amplitude that is a factor of 5.8 (or 33 in peak 
intensity) larger than the one obtained with the single 
graphene sheet. We do not observe further increase of the 
THG peak amplitude using a stack of 10 or 15 layers due 
to linear losses experienced by the pump and the third 
harmonic signal. To monitor the level of inhomogeneity 
on each graphene-stack samples, data is collected on 5 
different spatial spots separated by 700 µm. We find 
standard variations of the THG signal of 22% for the 
single graphene layer (error bars in Fig. 2c). Spatial fluc-
tuations in nonlinear properties can be attributed to an 
inhomogeneous distribution of impurities, such as 
PMMA residues, and uneven sample growth quality 
leading to changes in the doping level and electronic 
transport properties32. Much smaller fluctuations of ∼6% 
are measured with the 10- and 15-layer samples due to a 
smoothing effect of the spatial inhomogeneities across the 
different graphene layers. The displayed amplitudes in Fig. 
2b, c correspond to the THG field after the graphene 
sample as we multiply the measured amplitude by 1.9 to 
account for the total experimental losses at 2.4 THz. 
Three effects leading to this signal attenuation are con-
sidered: (i) a 25% (factor of 1.33) decrease of the THG 
signal is due to the gating pulse duration (108 fs FWHM), 
which reduces the detection sensitivity towards higher 
THz frequencies33; (ii) a 11% (factor of 1.12) lower 
detection efficiency at 2.4 THz is due to phase matching 
conditions in the THz detection crystal (see Section 4 in 
the Supplementary Information); (iii) a 21% (factor of 
1.27) is lost because of the transmission properties of the 
HPF (see Section 2 in the Supplementary Information). 
Taking these factors into account, we found a peak field 
conversion efficiency of ∼0.2% in 6-layer graphene. When 
considering the spectrally integrated third harmonic 
amplitude within the 1/e peak linewidth, the conversion 
efficiency reaches 0.24%. This value is twice the maximum 
efficiency previously reported for a single-layer gra-
phene24, which was obtained with an accelerator-based 
super-radiant source producing longer multicycle pulses 
at a lower fundamental frequency of 0.3 THz. Note that a 
driving THz field with a larger number of cycles would 
likely lead to larger optical nonlinearities induced by 
deposited heat28. Additionally, a lower driving frequency 
is expected to produce a stronger nonlinear THz con-
duction in graphene23,26. 

We perform theoretical calculations of the THG spec-
trum and peak amplitude based on the nonlinear wave 
equations8 using the experimentally measured pump 
spectrum and peak driving field. Figure 2a shows the 
calculated spectrum generated within a single graphene 
sheet (black dashed line) using a nonlinear coefficient χ 3ð Þ  

= 2.4 × 10-10 m 2/V2, which is obtained by fitting the THG 
peak value. To allow direct comparison between this 
calculation and raw experimental spectral curves in 
Fig. 2a, we divide the theoretical result by 3.6 (square of 
the factor 1.9 described above for the field amplitude) to 
account for experimental losses. The third-order non-
linear coefficient used in this calculation is 20% lower 
than the one reported in previous work (χ 3 ð Þ = 3 × 10-10 

m2/V2 at 32 kV/cm) in a similar experiment29. This can be 
in part attributed to the duration of our THz driving field, 
which is shorter than the one used in most previous work 
on THz HHG. Since the nonlinear response is expected to 
originate from a ∼1 ps energy relaxation time23 , a longer-
lasting multicycle driving signal may result in slightly 
larger nonlinearities28 . In Fig. 2c, nonlinear calculations 
using the parameters found for a single-sheet graphene 
are performed for multilayered graphene samples from 
which we can extract the THG peak amplitude (see Sec-
tion 3 in the Supplementary Information). We consider a 
4% amplitude loss (8% power loss) for both the THz pump 
and third harmonic as they pass each graphene layer (see 
Section 1 in the Supplementary Information). This loss in 
the THz region is consistent with values reported by 
previous work26,32,34. Furthermore, we also perform the 
same calculation with a third-order nonlinear coefficient 
that is a function of the field strength according to pre-
vious experimental observation in graphene29 (see Section 
1 in the Supplementary Information). We find an overall 
agreement between the model and experimental results, 
and no major differences when field-dependent non-
linearities of graphene are introduced in the model. The 
main discrepancies between the experiment and calcula-
tions, which arise when the number of layers exceeds 3, 
can be in part attributed to variations of the nonlinear and 
electrical transport properties across different graphene 
sheets, as previously observed in other experiments 
involving graphene35 . Our calculations indicate that the 
maximum THG signal is expected for a 9-layer device, 
which is 14% larger than the signal calculated for a 6-layer 
device. As a result, the higher nonlinear conversion effi-
ciency experimentally observed with a 6-layer graphene 
sample can be attributed to sheet-to-sheet fluctuations of 
the nonlinear properties of graphene. 

Electrical gating tunability of stacked graphene 
Graphene’s electronic THz nonlinearity has been 

attributed to the interaction of the THz field with free 
carriers and the subsequent interplay among electronic, 
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phononic, and thermodynamic processes6,23,36. Therefore, 
a variation of the nonlinear response can be induced by an 
electrical gate changing the carrier density28 . We use 1-, 
2-, and 3-layer graphene samples electrically connected to 
a gate to simultaneously study the effect of carrier density 
and a multilayered design on nonlinear effects. The den-
sity is controlled using a polymer electrolyte (LiClO4-
Polyethylene oxide (PEO)) gate37,38 connected to each 
graphene layer of the stack (see Methods). The electrical 
resistance of the samples is monitored by measuring the 
source-drain current as a function of the gate voltage. 
From these measurements, one can define the voltage 
offset V0 required to reach the minimum free carrier 
density, also referred to as the charge neutrality point. As 
shown in Fig. 3a, the total resistance decreases as we 
increase the number of layers because they are connected 
in parallel (see Fig. S5 of the Supplementary Information). 
By scanning the gate voltage Vgate, we obtain a standard 
resistance response with a peak corresponding to the 
minimum doping concentration while the n- and p-
doped region correspond to the negative and positive 
region of Vgate-V0, respectively. We vary the gate voltage 
and monitor the THG power calculated by integrating the 
spectrum centered at 2.4 THz over the 1/e2 bandwidth. 
Figure 3b shows experimental measured THG power 
(circles) as a function of Vgate-V0 where error bars 
represent the standard deviation of the measurements. 
With a single graphene layer, we find a minimum THG 
power at the charge neutrality point because less carriers 
are contributing to the material nonlinearities28. We  
find two maxima symmetrically on each side of this point, 
at |Vgate-V0 | = 0.7 V. The ratio between the two extreme 

values is ε1G = 2.3, which confirms that controlling the 
carrier density is essential for optimizing the THG effi-
ciency. As we further increase both the n- and p-doping 
concentration, the nonlinear signal decreases by about 
50%. This behavior agrees with previous reports on the 
emergence of a metallic phase at high doping con-
centration gradually reducing the material’s thermo-
dynamic nonlinearity28. 
Interestingly, the dependence of the THG power as a 

function of the gate voltage is different when we add more 
graphene layers. In the case of a 2-layer graphene sample, 
the dependence on Vgate closely resembles the one 
observed with a single layer. However, we find ε2G = 1.9, 
which is lower than the same ratio measured with a single 
layer ε1G. For 3 layers, the signal as a function of Vgate is 
more erratic, with a peak, instead of a dip, around 
Vgate-V0 = 0, and what appears to be random oscillations 
as a function of Vgate. Nonetheless, we measure ε3G = 1.6, 
indicating the significant effect the gate still has on the 
carrier density to enhance the sample’s nonlinear effects. 
The lower values of ε as the number of graphene layer is 
increased can be attributed to a different intrinsic doping 
concentrations across the layers, resulting in different 
values for V0

35. As a result, it is unlikely that the neutrality 
point of multiple superimposed graphene layers can be 
reached simultaneously with a single gate. Also, because 
of the device geometry, the change in carrier density may 
be different across the layers because of a screening effect, 
potentially causing larger variations inside the layers clo-
ser to the gate on top. Therefore, a multilayered archi-
tecture able to independently control carrier density in 
each graphene sheets would be optimal to reach 
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maximum nonlinear effects. In this experiment, the 
3-layer sample displays the highest nonlinear conversion 
efficiency due to its longer interaction length even though 
gate-induced enhancement of nonlinear effects is slightly 
lower as discussed above. Figure 3c shows the minimum 
and maximum THG power obtained while changing Vgate 

with the 1-, 2-, and 3-layer gated graphene samples. These 
two sets of data when expressed in their corresponding 
peak field values follow a linear dependence (dashed lines) 
with the number of layers. The significant separation 
between these lines attest to the importance in controlling 
graphene’s carrier density to optimize nonlinear effects. 

Metamaterial-graphene architectures 
In a third series of experiments, we explore the effect of 

metasurfaces on THG in an architecture combining mul-
tilayer graphene and an electrical gate. Three different 
designs of metasurfaces are considered based on their dis-
tinctive spectral transmission properties at the THz pump 
frequency. Figure 4a shows a schematic of these samples. 
They consist of a cross-slot bandpass filter (BPF), a cross-
shaped bandstop filter (BSF), and a wire-grid polarizer 
(WGP). Two superimposed graphene sheets acting as the 
nonlinear medium are transferred on each metasurface. A 
transparent polymer electrolyte gate deposited on top of the 
structure is used to vary the  carrier  density (see Section  5  of  
the Supplementary Information). Figure 4c shows  the  
measured THz transmission spectrum of each device with 
the fundamental resonance of the BPF and BSF centered at 
the THz  pump  frequency of 0.8  THz.  We use FDTD  
simulations (Lumerical) to visualize the electric field dis-
tribution within a metasurface’s unit cell at the height 
corresponding to the 2-layer graphene sample (Fig. 4b). We 
observe a significant enhancement of the incident THz field 
in the gap between metallic elements, locally reaching more 
than an order of magnitude. Since the third harmonic field 
amplitude E3ω has a cubic dependence on the driving field 
Eω, this effect directly leads to a more efficient THG. Figure 
4d shows the measured third harmonic power normalized 
to the value obtained with the bare 2-layer graphene. We 
distinguish measurements collected when no gate voltage is 
applied (Vgate = 0) (yellow columns) and when Vgate is 
optimized to reach the maximum THG power (blue col-
umns). The BSF-graphene architecture leads to the largest 
THG power. We measure an enhancement factor of 2.5 
when the sample is non-gated and a factor of 3 when Vgate 

is optimized to the maximum THG power. The WGP-
graphene architecture increases the THG power by a factor 
of 2 for non-gated approach, similar to the results presented 
in  previous  work  for a similar device at the  same  peak  
field29. The use of BPF slightly reduces THG if the sample is 
not gated. Although this structure locally displays a high 
field enhancement, this feature is partially counteracted by a 
large fraction of the sample covered by the metallic 

structure, and therefore not contributing to nonlinear 
effects. For both BPF and WGO, the effect of gating can 
increase the THG signal by 20% and 75%, respectively. 
To theoretically estimate the impact of the metasurface 

substrate on the nonlinear conversion efficiency, we use 
numerical simulations to calculate the field distribution 
and we then integrate E3 

ω within a metasurface’s unit cell 
(uc). This value is compared to a reference obtained 
without the metasurface. In our calculations, we incor-
porated the induced field dependence of the third-order 
nonlinear coefficient, χ 3ð Þ  Eωð Þ, using a rational fitted 
model derived from previously work29 (see Section 1 in 
the Supplementary Information for simulation details and 
fitting model). The ratio γ ¼ H 

uc χ 3ð ÞE
3 
ω;MS da= H 

uc χ 3 ð Þ  E
3 
ω;0 da indicates the THG enhancement factor 

induced by the metasurfaces. In Fig. 4d, we compare γ 
(magenta columns) to the corresponding experimental 
results. We find a good agreement between the calculated 
and measured THG power. The slight discrepancies may 
arise from variations in the enhancement of plasmonic 
structures between simulations and fabricated samples, 
particularly at the sharp edges. Additionally, minor shifts 
in resonance may occur due to deviations in dimensions 
during the fabrication process. 
Numerical simulations reveal that the field amplitude at 

the driving frequency remains nearly constant along the 
direction normal to the substrate. Within a 2 µm distance, 
the amplitude variation remains below 5%. This ensures 
that similar metasurface-induced enhancement factors of 
the THG signal will be observed regardless of the number 
of decoupled graphene layers in the sample. This remains 
true for thick samples since, after 15 graphene layers, 
additional layers contribute less to the THG signal due to 
the absorption of the driving field. Therefore, considering 
a sample with 6 to 9 decoupled graphene sheets, elec-
trically connected to allow independent control of carrier 
concentration in each layer, and deposited on a BSF 
metasurface substrate, we can envision a total THG 
enhancement factor exceeding 100. 

Discussion 
Figure 5 summarizes the measured and calculated THG 

in single and multilayer graphene samples as a function of 
the incident THz pump peak field. Using a single gra-
phene sheet (purple circles) and a 6-layer graphene (red 
circles) device, we monitor the THG at several driving 
fields while moving the position of the sample at the THz 
focus along the driving beam propagation axis. Using the 
model described in Section 1 of the Supplementary 
Information, we also calculate the corresponding THG 
field (dashed lines). We compare our findings with those 
reported by Deinert et al.29 on THz THG in a single 
graphene sheet (open circles), which is consistent with 
our results. When graphene is deposited on a grating 
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metasurface (MS) structure (open squares), similar to a 
wire-grid polarizer (WGP) design, Deinert et al. observe a 
ten-fold increase in THG amplitude. Using a similar 
device architecture, we observe a THG signal (orange 
squares) that is not as high, which might be due to 
sample-to-sample fluctuations in electric transport prop-
erties in graphene. Similar THG field amplitudes can 
nonetheless be reached using a 6-layer graphene sample 
(red circles) or by depositing a three-layer graphene 
sample on a WGP (orange diamonds). Note that satura-
tion effects in graphene at high fields limit the maximum 
THG signal when the THz driving field exceeds 20 kV/ 
cm. A multilayer sample can be used to achieve a large 
THG signal without relying on local field enhancement, 
which mitigates these saturation effects. Furthermore, in 
such a multilayer design, each graphene layer partially 
absorbs the driving field, which also contributes in redu-
cing saturation effects. As a result, a design relying on 
multiple-layer graphene offers the best perspective for 
nonlinear frequency conversion at high driving fields, 
while a graphene mounted on a metasurface offers the 

largest enhancement factor at low driving fields, away 
from the saturation regime. Interestingly, calculations 
show that a bandstop or bandpass metasurface substrate 
can lead to an enhancement of the THG amplitude gen-
erated in graphene by more than two orders of magnitude 
at a weak incident field <1 kV/cm (see Section 6 of the 
Supplementary Information). 
We investigate third harmonic generation (THG) in 

graphene in the THz range while relying on three types of 
device architectures to make this nonlinear process more 
efficient. We experimentally investigate nonlinear samples 
with (i) a different number of graphene layers to increase 
the nonlinear interaction length, (ii) an electrical bias with a 
gate voltage to optimize the carrier density, and (iii) metallic 
metasurface substrates to locally enhance the pump field. 
Especially, we explore the potential to combine these 
techniques together within one structure. The largest 
improvement of the THG signal is observed by increasing 
the number of graphene layers. In particular, the most 
efficient THG is measured with a 6-layered graphene 
sample, representing a trade-off between the nonlinear 
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interaction length and linear absorption, which leads to a 
third harmonic power 33 times higher than obtained with a 
single graphene layer. We then use a simple configuration 
allowing a transparent electrical gate to tune nonlinear 
properties of graphene-based samples. In a gated single 
graphene layer, THG can increase by a factor of 2.3. 
Although this factor is lower when the sample contains 
multiple graphene layers, the gating voltage always leads to 
a significant increase of the THG signal, larger than 60% in 
our experiment. Plus, a design allowing independent tuning 
of the free carrier concentration in each layers could be 
used to ensure a two-fold THG enhancement in multi-
layered designs. In a third series of experiments, different 
types of metasurfaces are used as substrate to explore the 
effect of local field enhancement on THG in graphene. 
Interestingly, the most efficient design is a bandstop filter 
(BSF) at the fundamental frequency, featuring a 3-fold 
increase in THG power. We propose a model based on 
numerical calculations to estimate the nonlinear signal 
enhancement induced by a metasurface, which provides 
good agreement with experimental results. More impor-
tantly, our work demonstrates the possibility to combine 
these strategies to potentially enhance THG by more than 
two orders of magnitude. The sample architectures can also 
apply to other types of 2D nonlinear materials, such as 
transition-metal dichalcogenides39 , and they can be com-
bined with other techniques to enhance nonlinear effects, 
such as the use of topological insulating substrates14,40 . 
Multilayered samples, potentially combining different 
materials, may also be an interesting route leading to 

enhanced THG, especially at high fluences. Additionally, 
given that the efficiency of THz generation and detection in 
table-top systems can still be improved, there remains many 
nonlinear phenomena leading to THz frequency conversion 
that are yet to be explored in greater detail. Altogether, such 
advancements are essential to enable efficient chip-
integrated nonlinear THz signal converters that will be 
used in future communication technologies. 

Materials and methods 
Sample preparation 
We use commercial monolayer CVD-grown graphene 

on copper foil, coated with a poly(methyl methacrylate) 
(PMMA) layer, obtained from Graphenea. Graphene lay-
ers of 1 cm × 1 cm dimensions are wet-transferred onto a 
188 µm thick Zeonor substrate32 (a cyclo-olefin copoly-
mer transparent to THz radiation with a refractive index 
of n ∼ 1.53 at 1 THz). This is followed by the deposition of 
a 60 nm-thick Al2O3 layer using an electron-beam eva-
porator (NexdepSeries, Angstrom). To form multilayer 
graphene samples, additional graphene layers and alter-
nating Al2O3 layers are stacked on the same substrate. 
The gating voltage is applied with a 5 nm Ti/20 nm Pd/ 

150 nm Au electrodes deposited on the sides of the gra-
phene layers using a single evaporation system and a 
shadow mask placed atop the graphene surface. The 
source and drain contacts make direct contact with the 
graphene layer, while the gating contacts has no direct 
contact. A spray-coating technique is employed to apply a 
400 nm-thick transparent polymer electrolyte onto the 
graphene layers. The electrolyte is made of Polyethylene 
oxide (PEO) and LiClO4 in an 8:1 weight ratio, which is 
dissolved in a methanol solution. Subsequently, the 
sample is affixed onto a custom-printed circuit board 
(PCB) with a central hole to perform optical transmission 
measurements. The electrical measurements are per-
formed at constant voltage while monitoring the current 
with Keithley source meters (models 2400). 
The metasurfaces are fabricated on a 188 µm thick Zeo-

nor substrate using a conventional positive photo-
lithography process. Aluminum is deposited onto the 
patterned substrate using a sputtering technique, followed 
by a lift-off process to achieve 200 nm-thick metallic arrays. 
Subsequently, a 60 nm-thick Al2O3 layer was deposited on 
the metasurfaces using an electron-beam evaporator, after 
which graphene sheets were wet-transferred onto them. 

Experiment 
In our experimental setup, high-field (360 kV/cm) single-

cycle THz pulses are generated using the tilted pulse front 
technique in a LiNbO3 crystal. These pulses originated from 
an amplified 10 kHz Yb-laser system with the following 
parameters: central wavelength of 1030 nm, a pulse width of 
170 fs, and a pulse energy of 1 mJ. Detection involved electro-
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optical sampling method by utilizing pulses from an optical 
parametric amplifier (OPA) at 960 nm wavelength, with a 
pulse duration of 108 fs (FWHM), and employing a 1 mm-
thick GaP nonlinear detection crystal. The gating pulses at 
960 nm satisfy phase matching condition in GaP to achieve 
high detection sensitivity at the third harmonic frequencies at 
2.4 THz. All experiments are conducted at room tempera-
ture inside a dry-air purged enclosure. 

Simulations 
Numerical simulations are performed with a 3D finite-

difference time-domain (FDTD) solver (Lumerical Inc.) to 
design the plasmonic metasurface resonators with fun-
damental resonances around 0.8 THz and explore the 
electric field distribution of the THz pump pulse on the 
structures. We utilize periodic boundary conditions along 
the in-plane axis. Additionally, a perfectly matched layer 
(PML) is applied in the direction of optical propagation to 
absorb all incident fields, effectively preventing any 
reflections at that interface. For the simulation of electric 
field spatial distributions, we employed a minimum 
override mesh size of 50 nm along the surface of the 
structures and 4 nm along the THz propagation direction. 
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Section S1: Calculations of the third harmonic generation (THG) 

Fig. S1a depicts the schematic of a multilayer graphene nonlinear sample, illustrating the 

interaction of a pump pulse with graphene layers and resulting THG signals on each layer. The 

THG signals produce in each graphene sheets accumulate as the THG pulse propagates in the 

structure. In detail, the THz pump pulse (𝐸ω) first impinges on the Zeonor substrate, experiencing 

an 8% power transmission loss due to Fresnel reflections at the air-substrate interface. Then, 

successive third harmonic fields (𝐸3ω
𝑖 ) are produced by the THz driving field (𝐸ω

𝑖 ) incident on each 

graphene layers, where i = 1, 2, 3, … refers to the position of the graphene sheet in the multiplayer 

stack. During the THz pulse propagation through a stack of graphene sheets, we consider that 4% 

of the pump pulse amplitude is absorbed in the first graphene layer. The remaining pump pulse 

then proceeds to interact with the second layer to generate a slightly weaker THG (𝐸3ω
2 ) and where 

another 4% gets absorbed. This absorption and signal generation process continues for subsequent 

graphene layers. It is important to note that we also consider a 4% absorption of the third harmonic 

field amplitude as this component propagates through each graphene layer. Considering both the 

absorption of the pump pulse (αω) and third harmonic components (α3ω), we establish a 

relationship for THG in n-layer graphene structures as follows: 

𝐸3ω 
𝑇𝑜𝑡𝑎𝑙 = ∑ 𝐸3ω 

𝑖𝑛 
𝑖=1 = 

3ω𝑑 

8𝑐𝑛3𝜔 
𝜒
(3) ∑ [(1 − 𝛼𝜔)

3(𝑖−1)(1 − 𝛼3𝜔)
𝑛−𝑖𝐸3ω 

1𝑛 
𝑖=1 , 

where c is the speed of light, d = 0.3 nm is the thickness of each graphene layer, 𝑛3𝜔 = 10 is the 

refractive index of the graphene layer, ω is the pump radial frequency, and 𝜒(3) is the third order 

susceptibility. For these calculations, we used the linear properties of graphene reported in 

previous work 1 and nonlinear coefficient of 𝜒3 = 2.4 ⋅ 10-10 m 2 V-2 obtained from our THG data 

obtained with a single graphene layer. 

Since the coefficient 𝜒(3) of graphene has been observed to be a function of the driving field 

amplitude, we extract this dependence from previously reported data 1 (circles in Fig. S1b). We 

calculate a fitting function: 𝜒(3) = 
7.2𝑒−10

1+1𝑒−9𝐸ω+12𝑒−4𝐸ω 
2 in m 2 /V 2 , where 𝐸𝜔 is the driving electrical 
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2 

field amplitude in kV cm -1 . This model considers a maximum value for 𝜒(3) as suggested by the 

thermodynamic calculations of Ref. [1]. 

This expression for 𝜒(3) is not only used to estimate the THG in a multilayer graphene structure 

(purple line in Fig. 2c), but also determine the effect of an inhomogeneous field distribution 

induced by a metasurface substrate on the THG (purple column in Fig. 4d). We define the 

metasurface-induced enhancement factor as: 

𝛾 = ∮ 𝜒(3) (𝐸𝜔,𝑀𝑆) 
3 
𝑑𝑎 

𝑢𝑐 ∮ 𝜒(3)(𝐸𝜔)
3 𝑑𝑎 

𝑢𝑐
⁄ , 

which uses both the calculated electric field spatial distribution inside a graphene layer above the 

metasurface (𝐸𝜔,𝑀𝑆), and a homogeneous field impinging on a graphene layer with no metasurface 

substrate (𝐸𝜔). The field modulation induced by the metasurface is simulated using a mesh size of 

50 nm along the surface of the structure and 40 nm along the optical propagation direction. 

Decreasing the mesh size does not alter the results of the calculations. However, increasing the 

mesh size by a factor of 2 in the in-plane direction, to reach lower spatial resolution, decreases the 

calculated factor 𝛾 by about 5%. 

Fig. S1c shows the transmission of the fundamental frequency through samples with different 

number of graphene layers, along with corresponding FDTD simulations of transmission, 

reflection, and absorption. We find a good agreement between the simulation and experimental 

results. The slight discrepancy can be attributed to intrinsic properties of each graphene layer, such 

as a varying doping level. A fit based on the Beer-Lambert equation reveals a 4% absorption of 

the THz field through each graphene layer. Reflection gradually increases for samples containing 

more than 6 layers of graphene, which is consistent with previous studies2 . 
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Fig. S1 a Schematic of the THz propagation in multilayer graphene sheets. THz pump pulses on each graphene layer 

are shown with blue pulses, and THG pulses are shown in red. The schematic of the nonlinear sample comprises a 

substrate (Zeonor in our experiment) and graphene layers (n-layer), that are separated by Al2O3. b Measured (circles) 

and calculated (dashed line) third order nonlinear coefficients (𝜒(3)) based on the thermodynamic model for a single 

layer graphene reproduced from J-C. Deinert et al. 1 . Solid line in red shows our fitting function. c Measured (red 

circles) transmission of the stacked graphene samples, obtained from the THz peak intensity at the fundamental 

frequency (0.8 THz). The solid points represent FDTD simulations of transmission, reflection, and absorption as a 

function of the number of graphene layers. The dashed lines indicate a spline interpolation to guide the eye. 

Section S2: Lowpass filter (LPF) and highpass filter (HPF) 

The schematic of the LPF and HPF structures and their corresponding intensity spectral 

transmission are shown in Fig. S2. The power transmission of the HPF filter is ~60% in the 

bandpass region, while it attenuates the pump pulse by more than 30 dB in the stopband region. 

Further improvements of these THz filters would help achieve a more sensitive THG detection. 
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Fig. S2 a Schematic of the spectral filters. The highpass filter (HPF) is made of 4-layer square-slot plasmonic 

metasurfaces as described in our previous work3. During fabrication of the lowpass filter (LPF), we added a bar-slot 

bandpass filter on top of the 4-layer plasmonic structures to create a sharper bandpass around 0.8 THz and strongly 

attenuate any residual signal around 2.4 THz. b Intensity transmission of the LPF and HPF filters in the THz region. 

Section S3: Power vs peak intensity of THG in stacked graphene layers 

We calculated the spectral weight by integrating the THG signal in the spectral domain within the 

e-2 bandwidth as a function of the number of graphene layers. The THG peak intensity is obtained 

by squaring the results presented in Fig. 2c. Overall, the two parameters show the same behavior. 

Fig. S3 Third harmonic generation (THG) signal as a function of the number of graphene layers calculated in the 

frequency domain by integrating the spectral weight to obtain the power (left axis), and in the time-domain by first 

calculating the field amplitude and then the corresponding peak intensity (right axis). 
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Section S4: Sensitivity of the GaP detection crystal 

We use an electro-optical sampling method to monitor the THz spectrum. The gating pulse, 

produced by an optical parametric amplifier (OPA), is centered at 960 nm wavelength and has a 

pulse duration of 108 fs (FWHM) as shown in Fig. S4a. The autocorrelation is obtained by two-

photon absorption in a Si photodiode. The deviation from the expected peak-to-background ratio 

of 8:1 is attributed to a small amount of three-photon-absorption. The wavelength is selected to 

optimize phase matching conditions at 2.4 THz in our THz detection crystal, which is a 1 mm-

thick 110-oriented GaP crystal. The calculated detection efficiency at 2.4 THz is however still 11% 

lower than the detection efficiency at the pump pulse frequency of 0.8 THz. These calculations 

use the linear properties of GaP in the THz region4 are shown in Fig. S4b. The factor of 11% is 

considered when we compare the field amplitude of the third harmonic and fundamental 

components. 

Fig. S4 a Measured interferometric autocorrelation of the gating pulse, representing intensity pulse duration of 108 

fs at FWHM. b Simulated detection sensitivity of the GaP crystal at the gating 960 nm wavelength. 

Section S5: Fabrication of multilayer graphene architectures 

We use monolayer CVD graphene on copper foil coated with a poly(methyl methacrylate) 

(PMMA) layer, and wet transferred them on substrates. This is followed by the deposition of a 60 

nm-thick Al2O3 layer in between graphene layers. The CVD graphene layer initially exhibited p-

type doping, typically originating from chemical residues in the preparation process, wet-

transferring processes, interactions with the substrate, and deposited polymer electrolyte5 . In the 

next step, a pair of 5 nm Ti/20 nm Pd/150 nm Au electrodes were deposited on the sides of the 

graphene layers, serving as source and drain terminals for electrical characterization. The graphene 

sheets were connected in parallel on the sides of the metallic electrodes, as shown schematically 

in Fig. S5. For each graphene sample, we introduced a gate offset V0 to effectively compensate for 

the intrinsically hole-doping effect and shift the Fermi energy towards a neutrally charged Dirac 

point. This V0 voltage varied from sample to sample, typically ranging between 0.1 to 0.3 V. 
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We use the same fabrication process to transfer graphene sheets on plasmonic metasurfaces. 60 

nm-thick Al2O3 layers serve as spacing between graphene layers and the plasmonic structures to 

avoid the possibility of any graphene-metal interactions. To apply electrical gating on the 

graphene-metasurface samples, we employ a spray-coating technique to deposit 400 nm-thick 

transparent polymer electrolyte (as described in Methods) onto the graphene layers. Finally, in the 

high-harmonic generation experiment, THz pump light illuminates the structure from the substrate 

side, initially reaching the plasmonic side, and then interacting with the graphene sheets to achieve 

THG. 

Fig. S5 Schematic of the side-view configuration depicting graphene layers electrically connected in parallel and all 

attached to metallic electrodes. 

Section 6: Metamaterial-based field enhancement 

We employ three distinct plasmonic geometries—BSF, BPF, and WGP structures—to locally 

enhance the THz driving field and improve the nonlinear THG efficiency. Using FDTD 

simulations, we calculated the electric field distribution within the metasurface unit cell (uc) at 0.8 

THz and determined the field-induced THG enhancement ratio in graphene, defined as 𝛾 = 
∮ 𝜒(3) 𝐸𝜔,𝑀𝑆 

3 𝑑𝑎 
𝑢𝑐 ∮ 𝜒(3) 𝐸𝜔,0 

3 𝑑𝑎 
𝑢𝑐 

⁄ (see section Metamaterial-Graphene Architectures). This 

enhancement ratio for each structure is presented in Fig. S6 as a function of the incident field, 

demonstrating significant enhancement at lower driving fields but a saturation at higher fields to a 

value corresponding to the actual fraction of graphene not in direct contact with a metallic sub-

structure of the metasurface. Due to the sharper geometries in the BPF and BSF structures, which 

are more effective at locally intensifying the field, this ratio can increase by up to two orders of 

magnitude at low incident THz driving field. However, saturation effects limit the THG field 

enhancement to a value below 5 at driving fields above 10 kV cm -1 . 
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Fig. S6 Calculated THG field enhancement in graphene on different metamaterial structures: bandstop filter (BSF), 

bandpass filter (BPF), and wire-grid polarizer (WGP), as a function of the driving incident field. 
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Chapter 6 

High-harmonic generation in graphene oxide 

and its reduced forms 

Figure 6.1 Schematic of the high-harmonic generation experiment in graphene oxide 

6.1 Motivation and background 

In Chapter 5, we presented a comprehensive strategy to enhance the nonlinear optical response of 

graphene-based systems in the THz regime. Specifically, we demonstrated that third-harmonic 

generation (THG) in graphene can be significantly enhanced by employing three key approaches: 

(i) increasing the light–matter interaction length through stacked multilayer graphene sheets with 
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reduced interlayer coupling; (ii) using electrical gating to tune the carrier density and access 

regimes of higher nonlinear conductivity; and (iii) implementing hybrid architectures that combine 

graphene with plasmonic metasurfaces, enabling local field enhancement. Through these methods, 

we achieved a two-orders-of-magnitude increase in THG efficiency, establishing a platform 

capable of detecting and manipulating weak nonlinear signals in 2D materials using a table-top 

THz system. 

However, a fundamental limitation remains: the strong linear absorption of graphene in THz 

regime. As the number of stacked layers increases, propagation losses accumulate, restricting the 

effective interaction length. This trade-off results in an optimal configuration at around six to eight 

graphene layers, beyond which further stacking fails to yield additional THG enhancement. This 

absorption-limited saturation motivates the search for alternative materials or architectures that 

retain graphene’s nonlinear strengths while minimizing loss. 

To address this challenge, we now turn to graphene oxide (GO)—a functionalized derivative of 

pristine graphene (PG) where oxygen-containing functional groups (OFGs) such as hydroxyl, 

carboxyl, and epoxy groups are covalently bonded to the carbon lattice. GO is particularly attractive 

for nonlinear photonics due to its chemical tunability, ease of solution processing, compatibility 

with scalable fabrication techniques, and seamless on-chip integration. These practical benefits, 

coupled with its strong and adjustable optical response, position GO as a promising material 

platform for THz nonlinear optics. 

From a photonics standpoint, GO offers significantly lower linear absorption in the THz regime 

compared to pristine graphene, enabling thicker films without the propagation losses encountered 

in multilayer stacks. At the same time, GO’s third-order nonlinear susceptibility has been 

experimentally estimated to be on the order of χ(3) ∼10−10 m2/V2, with nonlinear refractive indices 

(n2) in the range of (1.5−4.5) × 10−14 m2/W, surpassing conventional semiconductors by several 

orders of magnitude [53,54]. These features make GO not only a testbed for studying fundamental 
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nonlinear interactions but also a viable platform for future THz photonic devices. Indeed, terahertz 

nonlinear optics is rapidly emerging as a powerful platform for strong-field light–matter 

interactions, offering an exciting opportunity to bridge the longstanding gap between high-speed 

electronics and integrated photonic functionality [7,8,11]. The work presented in this chapter 

contributes toward realizing this broader vision by demonstrating how tailored 2D materials can 

support coherent nonlinear processes in accessible THz-driven systems. 

Here, we investigate the nonlinear optical response of GO and its reduced forms using a tilted-

pulse-front THz source that delivers field strengths up to 260 kV/cm. Our goal is to determine 

whether GO, with its tunable absorption, local asymmetry, and low-loss characteristics, can support 

strong high-harmonic generation (HHG), potentially overcome the constraints seen in multilayer 

graphene, and establish a platform for exploring rich and tunable nonlinear optical processes. Our 

experiments reveal a striking nonlinear regime in GO, including: 

• Generation of odd and even-like harmonics, and an interesting saturable transmission behavior 

in contrast to the single-threshold response of pristine graphene, 

• A phenomenological two-level model that quantitatively captures the observed nonlinear 

transmission and HHG spectra. 

These results establish GO as a versatile nonlinear platform that enables a THz-driven dynamical 

response fundamentally distinct from that of centrosymmetric graphene. Notably, we identify 

saturable transmission as a key mechanism underlying the observed nonlinear effects, paving the 

way for reconfigurable harmonic generation and wave-mixing processes in 2D systems. 

The complete experimental study is presented in the manuscript included in this chapter: “Non-

perturbative THz nonlinearities in graphene oxide resulting in even and odd harmonics.” 

This manuscript consolidates all experimental procedures, theoretical modeling, and supporting 

simulations required to understand the HHG behavior in GO, reduced GO, and highly reduced GO. 
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In Chapter 7, we return to these findings to discuss their broader implications for future device 

architectures and integrated nonlinear photonics in the THz regime, outlining how this research 

opens new directions at the intersection of materials science, ultrafast optics, and emerging 

photonic technologies. 
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Abstract 

Recent advances in table-top high-field terahertz (THz) sources and spectral filtering techniques 

have enabled access to strong-field regimes in solid-state systems, allowing exploration of 

nonlinear dynamics beyond conventional symmetry constraints. Here, we report the generation of 

coherent even-like harmonics in graphene oxide (GO), a structurally disordered material lacking 

macroscopic inversion symmetry. Without invoking intrinsic or externally imposed symmetry 

breaking, we show that GO enters a non-perturbative nonlinear regime under intense THz 

excitation, exhibiting a distinctive double-plateau saturable transmission response. By developing 

a phenomenological two-level model informed by intensity-dependent transmission 

measurements, we demonstrate that this nonlinear behavior reshapes the HHG spectrum through 

multi-wave mixing, enabling the emergence of even-like harmonics. Our results reveal saturable 

transmission as an unconventional pathway for harmonic generation beyond conventional 

symmetry constraints in 2D graphitic materials, opening routes toward ultrafast optoelectronic 

control and reconfigurable THz photonic platforms. 

Introduction 

Terahertz (THz) nonlinear optics is emerging as a powerful platform for investigating low-photon-

energy, strong-field light–matter interactions, notably offering new opportunities to bridge the gap 

between high-speed electronics and photonic functionalities[1–3]. In this regime, where individual 

photon energies are far below electronic bandgaps, nonlinear phenomena are dominated not by 

resonant multiphoton excitation, as in the near-IR, but by strong-field–induced carrier dynamics 

such as carrier heating from intraband acceleration of residual carriers and transient symmetry 

breaking[4–6] . These processes unfold on ultrafast timescales and govern carrier transport, 

https://jean-michel.menard@uottawa.ca


98 

nonlinear optical interactions, and broadband frequency conversion processes that underpin 

emerging ultrafast optoelectronic and THz photonic technologies. 

Among the many nonlinear effects accessible in this regime, high-harmonic generation (HHG) 

serves as a sensitive probe of material symmetry, ultrafast carrier dynamics, with sub-cycle carrier 

acceleration and scattering under the driving field, revealing key aspects of light–matter 

interactions[7,8]. Even-order HHG, such as second harmonic generation (SHG), is typically 

forbidden in centrosymmetric materials due to dipole selection rules [9,10]. However, this 

constraint can be relaxed by introducing mechanisms that locally or macroscopically break 

inversion symmetry. Well-known examples include symmetry breaking at interfaces between 

different media[7], strain-induced asymmetry[4,11], or the application of external electric fields— 

such as static biasing or THz-induced symmetry distortion[12–14]. These effects give rise to SHG 

and other even-order nonlinear response. In the absence of such symmetry breaking, spectral 

components at even harmonics interfere destructively and cancel out. This is particularly important 

in time-resolved THz detection schemes with electro-optic sampling, which are sensitive only to 

phase-locked spectral components; any incoherent or phase-randomized contribution averages to 

zero in the measured signal. 

These symmetry-breaking mechanisms typically arise in the perturbative regime, where the 

nonlinear polarization can be described by a power-series expansion. In contrast, the non-

perturbative regime—characterized by carrier heating[9], high-field carrier dynamics[15] , and 

saturation effects[16]—requires high-intensity THz excitation. Such high THz fields can be 

produced with tilted-pulse-front techniques in LiNbO₃[17], surface phase gratings[18], air-plasma 

sources[19], or free-electron based superradiant sources[20]. Table-top THz sources, though more 

accessible than large scale facilities, often produce broadband spectra that hinders harmonic 

detection. This challenge has been addressed through spectral filtering, which first narrows the 

excitation spectrum and subsequently suppresses the pump background to reduce the overall noise, 

thereby facilitating clearer detection of high-frequency spectral components²¹. Recent advances in 

harnessing intense THz sources and sensitive detection techniques have enabled experimental 

access to these strong-field regimes in condensed matter systems, paving the way for systematic 

exploration of nonlinear optical processes in tailored material platforms[21,22]. 

Graphene oxide (GO), a derivative of graphene (G), offers a chemically versatile platform with 

tunable optical response, scalable and on-chip fabrication[23–25]. GO's unique combination of 
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optical, electrical, and chemical characteristics arises from its layered carbon network decorated 

with oxygen-containing functional groups (OFGs), such as hydroxyl, carboxyl, and carbonyl 

groups[26,27]. Reduction of these functional groups enables for remarkable tunability of the 

bandgap, ranging from 0.1 to 3.6 eV, enabling control over material properties such as refractive 

index, optical absorption, and electrical conductivity[28]. 

In the THz regime, these properties translate into intriguing behaviors. Reduced GO films exhibit 

broadband THz absorption[29] and high conductivity (~900 S/cm)[30], which can be fine-tuned 

through reduction levels, film thickness, and optical pumping[31]. Optically pumped GO displays 

increased photoinduced conductivity along with a peculiar non-Drude relaxation behavior[32], 

unlike graphene and highly reduced GO (hrGO). The ultrafast relaxation dynamics in hrGO are 

primarily governed by carrier–carrier scattering and carrier–phonon coupling. These features have 

motivated the use of GO and its derivatives in THz devices, including absorbers [29], anti-

reflection coatings[33], and sensors[34]. 

The heterogeneous atomic structure of GO also imparts remarkable nonlinear optical 

properties[35]. For instance, experimental studies have reported third-order optical nonlinearity 

(n2) and a nonlinear absorption coefficient ( β) for GO at 1550 nm, in the range of (1.5-4.5) × 10−14 

m2 W−1 and -5.3 × 10−8 m W−1 , respectively [36,37]. These values indicate that GO's nonlinear 

refractive index exceeds that of silicon by more than four orders of magnitude, though it remains 

approximately five times lower than that of graphene [36,38,39]. A wide range of nonlinear optical 

processes, such as saturable absorption[40,41], self-phase modulation[42], four-wave mixing[43], 

multiphoton absorption and luminescence [44,45] have been demonstrated in GO and its reduced 

forms. 

Furthermore, saturable absorption (SA) in GO can also plays a significant role in strong-field 

regimes where the incident fluence approaches or exceeds the material's saturation 

threshold[9,46,47]. SA has been theoretically shown to contribute to HHG, with a saturable 

nonlinearly driven harmonic oscillator model accurately reproducing quantum mechanical 

predictions for harmonic generation[16]. As such, SA not only governs the efficiency of harmonic 

generation, but also provides window into unconventional mechanisms for light–matter interaction 

in disordered graphitic materials. 

In this work, we employ GO and its reduced forms as a versatile platform to investigate field-

driven nonlinear processes in the THz regime. Using a table-top high-field THz source, we explore 



100 

how structural tunability, through the reduction of oxygen functional groups and variation in film 

thickness, modulates the nonlinear optical response, particularly harmonic generation. Our 

experiments reveal strong higher-order harmonics in GO films, surpassing in amplitude those 

observed in multilayer graphene (G), and the emergence of wave mixing effects that give rise to 

spectral components at even harmonic positions, indicative of symmetry-breaking and/or complex 

nonlinear dynamics. Through power-dependent THz transmission measurements, we uncover a 

double-plateau saturable transmission behavior in GO, in contrast to the single-threshold response 

in G. To interpret these findings, we construct a two-level system model that captures the observed 

dual-saturation dynamics and accurately predicts the harmonic generation, offering a quantitative 

match with our measurements without invoking symmetry breaking. These results establish GO 

as a practical and tunable platform for probing strong-field THz nonlinearities and wave-mixing 

phenomena. Moreover, it demonstrates a nonlinear system able to transfer energy at even harmonic 

positions without relying on symmetry breaking. This capability has implications for advancing 

ultrafast optoelectronic components that bridge high-speed electronic and photonic functionalities. 

For instance, SA-driven nonlinear effects could be used to extend GHz electronic sources into the 

THz regime through integration of these materials in resonators or waveguides to enable compact, 

on-chip frequency converters. 

Results 

A schematic of the GO structure and the HHG experiment is shown in Figure 1. GO is chemically 

characterized by carboxylic acid groups primarily attached to the sheet edges, while hydroxyl and 

epoxy groups decorate the basal plane. GO thin films are prepared with a spray-coating technique. 

The reduction process removing OFG is chemically performed with hydrazine hydrate to produce 

reduced graphene oxide (rGO). Further annealing at 800 oC is used to produce a hrGO sample. 

More details are provided in the Method section. Raman spectra confirm the different chemical 

structure of GO, rGO and hrGO showing a gradual reduction of oxygen functional groups and 

partial restoration of sp² carbon domains. Characteristic changes in the D, G, and 2D bands— 

including sharpening of the 2D band and a decreasing ID/IG ratio in hrGO—indicate increasing 

structural order and the formation of graphene-like regions[26,27]. Full spectral analysis and 

deconvolution of additional disorder-related bands (D′, D″, I, D+D′, 2D′) are provided in Section 

S1 of the Supplementary Information. 
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Fig. 1 Schematic of the HHG experiment and graphene oxide (GO). A terahertz (THz) pump pulse 

centered at 0.37 THz impinges on the GO film with a peak field strength of 30 kV/cm. Nonlinear 

interactions generate high-order harmonics (HHs). A highpass filter (HPF) suppresses the driving pump 

pulse and passes HHs to improve detection sensitivity. GO flake containing oxygen-functional groups: 

carboxyl, hydroxyl, and epoxy. GO flakes are spray coated on a THz transparent substrate to form a 200 

nm-thick film. 

A table-top time-resolved THz setup generating high-field multi-cycle phase-locked THz waves is 

used to investigate HHG in different graphitic materials. A highpass filter (HPF) after the sample 

suppresses the incident pump pulse by 3 orders of magnitude, reducing the noise and enabling 

sensitive time-resolved detection of nonlinear components at frequencies higher than the pump 

(see Section 2 in the Supplementary Information)[48]. The general HPF design is described in 

previous work[49] and its spectral transmission is shown in Section 2 of the Supplementary 

Information. 

High harmonic generation (HHG) driven by intense THz fields is first performed in a 200 nm-

thick GO layer and we compare this response to results obtained with six decoupled layers of 

CVD-grown graphene (6G). Figure 2a shows the transmitted THz spectra from these materials 

within the 0.7–2.1 THz range, defined by the high-pass filter transmission window. Figure 2b 
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shows the time-resolved THz pump pulse, resolved by electro-optic sampling, with a peak field of 

30 kV/cm and a central frequency of 0.37 THz. This pump pulse interacts with the nonlinear 

graphitic samples, resulting in the generation of high harmonics resolved up to the 5th order, with 

field strengths in the range of tens of V/cm. The high-harmonic waveforms are extracted by 

numerically applying spectral bandpass filters around each harmonic peak in the measured 

spectrum, followed by an inverse Fourier transform (Fig. 2c). This approach enables precise 

isolation of individual harmonic components and reconstruction of their time-domain profiles. 

The HHG spectrum measured with the 6G sample (black line) shows odd-order harmonics 

consistent with the dipole-selection rules imposed by a centrosymmetric structure. These 

harmonics are significantly above the system’s electronic noise floor (grey area). The same 6G 

sample was also used in previous work focusing on enhanced third-harmonic generation[21]. In 

comparison, results obtained with the GO sample displays a larger nonlinear response, with 

prominent odd harmonics and a clear spectral feature at the even harmonic position. The third and 

fifth harmonic peaks in GO (around 1.2 and 1.7 THz) are approximately twice as strong as those 

observed in 6G. More importantly, GO exhibits a distinct spectral peak near 1.55 THz—absent in 

the 6G spectrum—that coincides with the nominal position of the fourth harmonic. The emergence 

of this even-order harmonic is unexpected, as the random distribution of GO flakes during 

fabrication leads to centrosymmetric characteristics at the scale of the THz spot size. We 

investigate the spatial inhomogeneity of the GO thin film by collecting measurements at five lateral 

positions on the sample separated by ~1 mm. The even-like harmonic intensity exhibits a 

fluctuation of 17% (standard deviation), comparable to the one observed for odd-order harmonics 

(10%) (see Supplementary Information, Section S3). These variations likely stem from the non-

uniform distribution of OFGs, local thickness variations, and inhomogeneities in doping and 

electronic transport properties. Similarly, the 6G sample yields lower harmonic intensity 

fluctuations (6%), arising from minor imperfections in layer transfer and stacking; these are far 

less pronounced than in GO, where flake-based deposition inherently produces larger spatial 

variations in thickness, doping, and functional group distribution. [50]. Interestingly, phase-

resolved analysis of the fourth harmonic component at different lateral positions on the GO sample 

reveals that these components have the same phase (see Supplementary Information, Section S5). 
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Fig. 2 THz high-harmonic generation (HHG) in GO. a Measured HHG spectrum generated in a 200 nm-

thick film of graphene oxide (GO) (red line) and compared to the spectrum generated in a sample of 6 

decoupled graphene layers (6G) (black line). The gray-shaded region shows the noise floor (no THz). b 

Time-domain waveform of the THz pump field. c Temporal waveforms of the generated harmonics in GO, 

reconstructed by applying numerical bandpass filters around individual harmonic frequencies followed by 

inverse Fourier transformation. 

Previous work, such as powder second harmonic, also reported second-order nonlinear effects in 

centrosymmetric materials⁴²,⁴⁹,⁵⁰. However, the mechanism at play in these experiments is local 

symmetry breaking, which can either be resolved spatially with an imaging technique or inferred 

from residual effects. In either case, these techniques produce a second-order nonlinear signal 

characterized by large spot-to-spot intensity variations and a phase determined by the orientation 

of the local asymmetry in the excitation region. In contrast, our experiments exhibit only modest 

spot-to-spot fluctuations in the even-like harmonic amplitude, and, more importantly, the phase of 

the harmonic components extracted from time-resolved measurements remains constant (see 

Section 5 in the Supplementary Information), indicating a fundamentally different mechanism that 

does not rely on localized symmetry breaking. The observation of non-perturbative nonlinear 

effects leading to even-like harmonic generation is made possible by our use of a field-resolved 

detection technique. Measurements collected with an intensity-based detection method might have 

led to the alternative interpretation that even-order harmonics arise from randomly distributed non-
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centrosymmetric regions. Instead, our phase-resolved THz measurements show that, regardless of 

the specific excited region on the sample, the phase of the 4th harmonic remains constant. 

To further examine the origin of the even-like harmonics observed in GO, we investigated the 

influence of OFGs and film thickness on the nonlinear response. Figure 3a compares the HHG 

spectra of GO with its reduced derivatives, rGO and hrGO. The GO (red line) and rGO (purple 

line) samples have the same 200 nm thickness and yield a comparable HH spectrum. Meanwhile, 

the hrGO spectrum (dark yellow line) is largely defined by odd-order harmonics, with negligible 

spectral amplitude observed at the fourth harmonic, which is within the noise level. The similarity 

between this result and the one obtained with 6G can be attributed to the progressive removal of 

OFGs during thermal reduction of GO, which partially restores sp² carbon domains. This process 

also increases the linear absorption of hrGO to values close to that of graphene, ~10% per layer in 

the THz range[47,51,52]. Therefore, a 50 nm hrGO film thickness is used, instead of the 200 nm 

thickness used for other samples, to prevent significant attenuation of the driving field and 

propagating HH components. 

Fig. 3 Comparison of HH spectrum generated in GO thin films. a, Measured HHG spectra for three 

types of graphitic films: graphene oxide (GO, 200 nm thick), reduced graphene oxide (rGO, 200 nm thick), 

and highly reduced graphene oxide (hrGO, 50 nm thick). Within our detection window, GO and rGO 

produce odds and even-like harmonics, while only odd harmonics are produced by hrGO. For frequencies 

<0.8 THz, the incident pump is strongly attenuated by the HPF to resolve HHG with enhanced sensitivity. 

Therefore, we show only the higher frequency region of this measurement. b, Peak intensity of the third 

harmonic (THG) generated in GO as a function of film thickness. The dashed line represents the calculated 
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THG intensity. In a and b, the error bars represent the standard deviation from measurements collected on 

five different spots of the same sample. 

We also explored the thickness dependence of third harmonic generation (THG) in GO films 

ranging from 10 nm to 800 nm, as shown in Fig. 3b. The THG intensity increases with thickness 

up to ~200 nm, beyond which it gradually declines. This trend reflects a competition between the 

effective interaction length and absorption losses: thinner films provide insufficient volume for 

nonlinear interactions, while in thicker films, increased linear absorption attenuates the generated 

HH components as well as the driving THz field, thereby limiting harmonic generation efficiency. 

This behavior is consistent with our previous findings in multilayer CVD-stacked graphene, where 

THG efficiency saturated beyond 6–8 layers due to linear absorption-dominated limitations[21]. 

The calculated thickness-dependent THG (dotted line in Fig. 3b) is obtained using a model that 

incorporates the measured absorption coefficient αGO(Ω ≈ 0.37 THz) = 164 ± 11 cm-1 at the driving 

frequency. We obtain a good agreement with experimental data when considering a slightly higher 

absorption coefficient at the third harmonic, αGO(Ω ≈1.1 THz) = 170 ± 12 cm-1 , which could 

possibly account for additional losses due to phonon absorption. 

To investigate the mechanism underlying the even-like harmonic generation, we characterize the 

saturable absorption behavior of GO, rGO and 6G as a function of the driving field amplitude. This 

response, when applied to the time-resolved THz transients, can then be used to model the optical 

nonlinear response. Accurately extracting transmission as a function of THz field amplitude is 

experimentally challenging, primarily because the driving field inherently spans a continuous 

range of amplitudes. Moreover, saturable absorption can exhibit temporal dependence, further 

complicating the analysis. To address this, we opted to characterize the transmission behavior 

specifically at the peak field amplitude. While this approach constitutes an approximation, it is 

justified by the shape of our THz transient, which suggests that time-dependent nonlinear 

contributions from earlier portions of the pulse are comparatively minor. Figure 4 shows the 

transmission at the peak field position as a function of the peak field amplitude incident on GO, 

rGO (Fig. 4a) and 6G (Fig. 4b). GO and rGO feature a gradual increase in transmission from 0.3 

kV/cm up to a plateau between ~2 and 40 kV/cm followed by another increase in transmission, 

which must also reach a plateau beyond 260 kV/cm, the maximum field used in our experiment. 
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This multi-step behavior points to complex nonlinear effects beyond a perturbative approach based 

on a power expansion of the polarization term with the applied electric field. In contrast, 6G (black 

line in Fig. 4b) features a transmission response characterized by a gradual increase in transmission 

starting at ~1 kV/cm and saturating beyond 200 kV/cm. This transmission is consistent with the 

one reported for monolayer graphene[51] (dotted gray line), however, multiple layers enhance 

absorption, leading to an overall reduction in transmission and an earlier onset of the saturation 

behavior. We used a model based on a two-level system to capture the transmission response[7] 

(see Section 4 in the Supplementary Information for mathematical derivation). The model fits to 

the experimental data are shown as plain lines in Fig. 4a and b. 

Fig. 4 Measured saturable transmission to model high harmonic generation. a. Measured THz 

transmission in GO (red circles) and rGO (blue circles) as a function of the driving peak field amplitude 

with corresponding fits based on a two-level saturable transmission model (lines). b. Same measurements 

https://www.nature.com/articles/s41377-024-01657-1#MOESM1
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performed with 6G (black line) compared to transmission measurement in monolayer graphene51 (dotted 

grey line). c Comparison between the incident measured pump (dark yellow), Gaussian pump (green), 

experimentally measured HH (red) and simulated HHs (dashed lines) in GO, for various pulse shapes. 

Simulations are performed using the experimental pump (dark yellow) and a Gaussian pump (HH-Gaus., 

green), reproducing the emergence of both odd and even-like harmonics. Zoomed-in view of the high-

frequency region. 

Using the fitted transmission data of GO, we simulate the THz-driven HHG spectra by applying 

the saturable transmission response to the measured time-resolved THz driving field. Figure 4c 

shows the incident driving field spectrum (dark yellow line), the measured HHG (red line) and the 

simulated results (dashed lines) obtained by applying a Fourier transform to the time-domain THz 

driving field, which is modulated by the saturable transmission function. Simulations are 

performed using two different driving fields: the measured experimental pump (dark yellow) and 

a Gaussian pump closely following the experimental curve (green). A zoomed-in view of the higher 

frequency components is shown in Fig. 4d. Remarkably, the simulated HHG from GO reproduces 

the experimental spectrum, including the even-like harmonic at 1.45 THz, with slight 

discrepancies. These discrepancies may be attributable to uncertainties in the measured saturable 

transmission, arising in part from spatial inhomogeneity of the sample, differences between the 

positions used for HHG and saturable-transmission measurements, and variations in the measured 

driving pump. For a standard saturable absorber such as graphene, the transmission response in 

Fig. 4b can be expanded in power series of the optical field containing only odd terms, leading to 

odd harmonic generation only. The agreement between experiment and simulations confirm that 

the observed HHG in GO, including even-like harmonics, can be effectively captured with a multi-

step saturable transmission, without requiring structural inversion symmetry breaking. 

We investigate harmonic generation with numerical simulations by varying key driving pulse 

parameters such as the duration, carrier-envelope phase (CEP), and peak power (see Figs. S6 to S8 

in the Supplementary Information). In GO, the even-like harmonics only significantly emerge 

when the field amplitude reaches the first transmission plateau at 2 kV/cm. Only odd harmonics 

are generated for lower peak fields, indicating that this transmission response can be linked to the 

onset of even-like harmonic generation. We observe that longer THz pulse durations, which 

correspond to narrower spectral bandwidths, do not produce even-like harmonics. In contrast, 
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shorter pulse durations facilitate the emergence of spectral features between odd harmonics, 

consistent with a wave mixing behavior. CEP variations also affect the amplitude and symmetry 

of even-like harmonics, in agreement with previous findings where CEP can be used to modulate 

the amplitude and shape of the different harmonics[53–55]. 

Our experimental and simulation results show that the generation of even-order harmonics in GO 

is primarily governed by a multi-step saturable transmission response. Unlike the conventional 

nonlinear polarization response, which relies on a power series expansion of the electric field, this 

mechanism exhibits a fundamentally different, non-perturbative behavior. Moreover, this 

mechanism leading to even-like harmonics stands in contrast to traditional symmetry-breaking or 

non-dipole-based HHG processes. In brief, the multi-step saturable response in GO enables 

conditions under which multi-wave mixing between harmonic components becomes feasible, 

effectively producing even-like harmonics in a medium without requiring a net structural 

asymmetry. 

Conclusion 

We investigated high-harmonic generation (HHG) in graphitic materials and revealed a striking 

nonlinear optical response in graphene oxide (GO), characterized by the emergence of an even-

like harmonic, which is typically forbidden in centrosymmetric materials. Through a combination 

of THz transmission measurements, HHG spectroscopy, and saturable transmission (ST) 

modelling, we identified a distinctive multi-step behavior of ST in GO that plays a central role in 

enabling this response. We demonstrate that the observed even-like harmonic do not stem from 

symmetry breaking but rather from a non-perturbative nonlinear response dictated by a two-level 

saturable absorption process. These findings establish saturable transmission as a powerful 

mechanism for driving high-field nonlinearities in 2D materials. To fully exploit such nonlinear 

effects for frequency conversion, more work is required to identify the origin of this multi-level 

saturable absorption. The SA observed in GO is clearly transient on sub-millisecond timescales, 

as the response recovers between successive excitation pulses at a kHz repetition rate, but its exact 

dynamics cannot be extracted from our measurements. Its microscopic origin—whether primarily 

electronic, phononic, or mixed— could be investigated with THz pump - THz probe experiments. 

Two potential mechanisms could explain the multi-step SA: a spatially decoupled system featuring 

saturable absorption at different field amplitudes, and a three-energy-level system with the two 
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first excited levels starting to feature saturable absorption behavior, but only after the first excited 

level is strongly populated. Beyond advancing the general understanding of HHG in 2D materials, 

our results open new pathways for dynamically reconfigurable THz photonic components— 

including frequency converters, ultrafast modulators, and logic devices—potentially bridging the 

gap between high-speed electronics and nonlinear optics in thin film platforms. 

Materials and methods 

Sample preparation. 

We use a home-made spray coating technique to deposit GO samples onto substrates (see Section 

S8 in the Supplementary Information). The setup employs an airbrush (VH174, VIVOHOME) 

operating at an air pressure of 30 kPa, with a hot plate beneath the sample heated to 150 °C to 

evaporate the solvent during deposition. A nanocolloidal solution of GO in water (Sigma Aldrich) 

is prepared at a concentration of 0.5 mg/mL and ultrasonicated for 30 minutes at room temperature 

to ensure uniform dispersion. The GO solution is then spray-coated onto quartz substrates heated 

to 150 °C, forming uniform thin films. To fabricate rGO, the GO solution is chemically reduced 

using a hydrazine hydrate liquid route. Hydrazine hydrate (N2H4) is a widely used reducing agent, 

capable of efficiently removing functional groups attached to both the basal plane and edges of 

GO. A nanocolloidal GO dispersion (0.5 mg/mL, Sigma Aldrich) is mixed with pure hydrazine 

hydrate (Sigma Aldrich) at a ratio of GO: N2H4 = 1:0.04 (4% of GO volume). The precursor 

solution rests for 24 hours, during which its color changes from dark brown to black, indicating 

the formation of suspended rGO. The resulting dispersion is sonicated for 30 minutes at 40 kHz to 

facilitate the mechanical exfoliation of rGO layers. 

To obtain hrGO samples, the rGO samples are thermally reduced by heating them to 800 °C in an 

oven under a nitrogen atmosphere to effectively remove oxygen-containing functional groups 

(OFGs). This thermal reduction process ensures a significant reduction in defects and an 

enhancement of graphene-like properties. This fabrication process provides precise control over 

the thickness and reduction levels of the samples, enabling a systematic investigation of their 

nonlinear optical properties. Further details on the spray coating and reduction methods can be 

found in our previous publication[56]. The total sample thickness is maintained significantly below 

the wavelength of the incident THz radiation, eliminating the requirement for phase matching to 

achieve coherent nonlinear effects. For the fabrication of a 6-layer graphene sample, commercial 
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monolayer CVD-grown graphene on copper foil, coated with a poly(methyl methacrylate) 

(PMMA) layer, is obtained from Graphenea. Graphene layers measuring 1 cm × 1 cm are wet-

transferred onto a 188 µm-thick Zeonor substrate, followed by the deposition of a 60 nm-thick 

Al2O3 layer using an electron-beam evaporator (Nexdep Series, Angstrom). This process is 

repeated to create a stack of 6 graphene layers, each separated by a 60 nm-thick Al2O3 layer[21]. 

Experiment 

Intense THz radiation is generated using optical rectification in a lithium niobate (LiNbO3) 

crystal55 , where the tilted-pulse-front technique was implemented to achieve phase matching. A 

Ti:sapphire laser operating at 800 nm with a pulse duration of 45 fs and a repetition rate of 1 kHz, 

serves as the pump source. The resulting single-cycle THz pulse reaches a peak electric field 

strength of 260 kV/cm. Electro-optical sampling is performed using a 500-µm-thick ZnTe crystal 

to detect the transmitted THz field. A bandpass filter (BPF) is employed to decrease the spectral 

bandwidth of the pump pulse and attenuate spectral components beyond 1.1 THz by approximately 

50 dB (see section S2 in the Supplementary Information for details). A pair of free-standing wire-

grid polarizers is used to control the THz field strength without introducing dispersion. For low-

field transmission measurements in the linear regime, we use a conventional THz time-domain 

spectroscopy (TDS) setup, where THz pulses are generated via optical rectification in a GaP 

crystal, producing field strengths well below 1 kV/cm. All experiments were conducted at room 

temperature inside a dry-air purged enclosure to eliminate water vapor absorption. 
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Section S1: Raman analysis of graphene oxide and its reduced forms 

Raman spectroscopy is used to analyze the structural evolution of graphene oxide (GO), reduced 

graphene oxide (rGO), and highly reduced graphene oxide (hrGO) across both the first-order 

(1100–1900 cm⁻¹) and second-order (2400–3300 cm⁻¹) spectral regions. As shown in Fig. S1, in 

the first-order region, the spectra of all samples exhibit the characteristic D band (~1350 cm⁻¹), 

attributed to the breathing modes of sp² rings activated by structural defects, and the G band (~1580 

cm⁻¹), associated with sp² carbon hybridizations. Additional peaks, including the D′ (~1620 cm⁻¹), 

D″ (~1500 cm⁻¹), and I (~1200 cm⁻¹) bands, are also observed and deconvoluted. These bands are 

commonly linked to amorphous carbon, and sp³-hybridized domains, respectively1,2. Notably, the 

ID/IG intensity ratio (i.e., the ratio of the D- to G-band peak intensities) slightly increased from 

GO to rGO due to the formation of smaller but more numerous sp² domains, and then decreased 

for hrGO, indicating an improvement in graphitic order. 

In the second-order region, the spectra reveal a prominent 2D band (~2700 cm⁻¹), which becomes 

sharper and more symmetric with increasing reduction, consistent with the recovery of extended 

conjugation and a reduction in defects. The D+D′ combination band (~2950 cm⁻¹), which is 

sensitive to disorder, is strongest in GO and significantly diminished in hrGO. The presence of the 

2D′ band (~3200 cm⁻¹) and the D+D″ mode (~2450 cm⁻¹) further supports these observations, as 

both bands decrease in intensity upon reduction. These trends confirm the gradual transition from 

https://jean-michel.menard@uottawa.ca
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a defect-rich, oxidized structure in GO to a more ordered, graphitic framework in hrGO, 

demonstrating the effectiveness of the reduction treatments. 

Fig. S1 Deconvoluted Raman spectra of graphene-based samples across first-order (top row: a–c) and 

second-order (bottom row: d–f) regions. Columns correspond to different materials: graphene oxide (GO, 

left), reduced graphene oxide (rGO, middle), and highly reduced graphene oxide (hrGO, right). Key Raman 

features, including D, G, D′, D″, I, 2D, D+D′, and 2D′ bands, highlight structural changes and disorder 

evolution during the reduction process. 

Section S2: Spectral filters 

Figure S2a presents the semilogarithmic transmittance profile of the highpass filter (HPF) used in 

our experimental setup. This filter efficiently transmits THz radiation in the 0.75–2 THz range 

with approximately 60% transmittance, while strongly attenuating low-frequency components 

below 0.5 THz by more than 40 dB, effectively suppressing the fundamental pump frequency. 

Figure S2b compares the THz intensity spectra of the filtered signals. The red curve corresponds 

to the pump pulse after passing through a bandpass filter (BPF) centered at 0.37 THz, which 
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defines our input excitation. The blue curve shows the spectrum after introducing the HPF into the 

beam path. As evident, the HPF suppresses the fundamental component (0.37 THz) by more than 

40 dB while allowing higher-frequency harmonic signals to pass, thereby enabling clean detection 

of high-order harmonics. 

Notably, the addition of the HPF significantly reduces system noise. The noise in pump is evident 

at the ~50 dB, while the addition of the HPF attenuates it to ~80 dB, reaching the background 

electronic noise of the setup. This region is indicated by the grey-shaded area in the plot, which 

marks the background noise level recorded with the THz beam blocked. Details on the structural 

features of the filters are reported in our previous work3 . 

Fig. S2 Spectral characteristics of the THz filters. a Semilogarithmic transmittance spectrum of the 

highpass filter (HPF), showing strong suppression (> 40 dB) of low-frequency components below 0.5 THz 

and efficient transmission (~60%) in the passband range, 0.75–2 THz. b THz intensity spectra after different 

filtering stages: the red curve shows the pump spectrum after a bandpass filter (BPF), and the blue curve 

shows the spectrum after introducing the HPF in the beam path. The HPF effectively suppresses the pump 

frequency by over 40 dB and reduces the system noise floor down to background electronic noise (~80 dB). 

The gray-shaded region indicates the background electronic noise measured with the THz beam blocked. 
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Section S3: Power-dependent THz transmission of HHG 

To investigate the field-dependent nonlinear response of graphene oxide (GO), we performed 

power-dependent THz transmission measurements using a pair of wire-grid polarizers in the THz 

beam path to precisely control the incident field strength. The peak electric field of the pump pulse 

is varied from 1 to 30 kV/cm. Figure S3a shows the time-domain waveforms of the driving THz 

pulses at different field strengths, while the corresponding generated HH spectra in GO samples, 

recorded after passing through the HPF, are shown in Fig. S3b. All spectra are normalized to the 

peak intensity of the driving pump at 30kV/cm. The dashed lines indicate the calculated 3rd, 4th, 

and 5th harmonics relative to the fundamental pump frequency (~0.37 THz). The strongest HHGs 

are observed at the maximum field strength of 30 kV/cm. As the field strength decreases, the 

harmonics' intensity gradually diminishes, and at low fields (< 6 kV/cm), the generated signals fall 

to the background noise level. 

Fig. S3 Power-dependent HHG in GO. a Time-domain THz transients of the pump pulse at various peak 

electric field strengths ranging from 1 to 30 kV/cm. b Corresponding HHG spectra generated at 220 nm -

thick GO sample. Dashed blue lines indicate the calculate 3rd , 4th , and 5th harmonics relative to the 

~0.37 THz pump frequency. 

Section S4: Theoretical saturable transmission model based on a two-level system 

To interpret the field-dependent nonlinear transmission observed experimentally, we develop a 

theoretical model based on electron dynamics in a two-level system4. The model establishes a link 
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between the observed transmission T and the imaginary part of the material's optical susceptibility 

χ, which is directly related to absorption. 

For a material with refractive index 1 1 n χ χ= +  ≈ +  , a plane-wave electric field propagating 

through a medium can be expressed as: 

0 0( , ) exp[ ] . .E z t E ink z i t c cω= − + (1) 

where the vacuum wave vector k0 = ω0/c and ω0 is the angular frequency, c is the speed of light in 

vacuum and z is the propagation distance. If we focus on the phase term of the electric field, we 

have: 

0 0 0 0 

0 0 0 

exp( ) exp[ (1 ) ] exp[ (1 Re( )) ] exp[ Im( ] 
exp[ (1 ) ] exp[ (1 Re( )) ][1 Im( ] 

) 
) 

ink z  i  k z  i  k z  k z  
i  k z  i  k z  k z  

χ χ χ
χ χ χ
= + = + ⋅ − 

≈ + = + − 
(2) 

From Eq. (2), we know that the transmission of the electric field T can be written as 

0( ) / (0) 1 Im( )T  E  z E  k zχ=  ≈ −  (3) 

We simplify the material as a two-level system with energy levels denoted by |1⟩ and |0⟩ with 

energies E1 and E0, respectively. The corresponding density matrix element is denoted as 

ρij, i, j ∈ {0, 1}. By denoting σ10 = ρ10 exp(iωt) and W = ρ11 − ρ00, the time evolution of density 

matrix elements can be written as 

10 
10 

2

1
2 

d i i W 
dt T 
σ σ 

  
=  ∆ −  −  Ω 
  

(4) 

( )  
*

01 10 
1 

( ) 
eqdW W W i 

dt T 
σ σ−

= −  +  Ω  −Ω (5) 

where ( ) ( )10 11 00 10 1 0/ , / , 0e eω ω η η ω ε ε∆ = − − − = − >E  ・ is the elementary charge,  is the 

Planck constant, η11 − η00 is the Berry connection. With the transition dipole between |1⟩ and |0⟩ 
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defined as r10, the Rabi frequency is denoted by Ω10 = 2eE・r10/  . By obtaining the steady state 

solution 10 0 d dW 
dt dt 
σ = = , we obtain 

( )( ) 2  2  
2 

2 2 2
2 1 2 

1/  
,

1/  / 

eqW T 
W 

T  T T  
+ ∆

= 
+ ∆ +Ω  

(6) 

( )( )
2 

10 2 2 2
2 21

1/  
2 1/  /  

eqW T i 
T  T T  

σ 
− + ∆Ω 

= ⋅ 
+ ∆ +Ω  

(7) 

We know that the nonlinear emission, i.e., the high-harmonic emission, is directly related to the 

polarization P, and we know that 

0 10 01,P N E rε χ σ= ∝ (8) 

where N is the number density of atoms, and ϵ0 is the vacuum permittivity. Comparing Eqs. (8, 7), 

we have 

2 2 2
2 1 2 

Im[ ] 
1/  /T  T T  

χ 
∆ 

∝ 
+ ∆ +Ω  

(9) 

Comparing Eqs.(9, 3), we know that the fitting function of the transmission should be of the 

following form. 

2 
0 1 2 

1 
| | | |

T c  
a a E  a E  

= + 
+ + 

(10) 

where c and ai, i ∈ {0, 1, 2} are fitting coefficients. Note that the coefficient a1 is only non-zero 

for materials that break the inversion symmetry. 

For materials described by two independent two-level systems, such as in our case, where the 

transmission exhibits a two-step saturation response, the model can be extended by adding a 

second term of the same form: 

2 2 
0 1 2 0 1 2 

1 1 
| | | | | | | |

T c  
a  a E  a  E  b b E  b E  

= + + 
+ + + + 

                           (11) 
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which is the expression we use to fit the measured two-step saturable transmission data in Fig. 4a, 

b. Here, c, ai and bi are fitting coefficients determined from the experimental data (Table S1) 

Table S1. Fitting coefficients for GO and rGO obtained from the two-step saturable transmission model 

used to fit the experimental data. 

Sample c a0 a1 a2 b1 b2 b3 

GO 0.78 16 3 30 12.3 -0.01 0.0.0012 
rGO 0.73 20 -5 30 10.8 -0.02 0.00055 

Section S5: Spatial phase consistency of the 4th harmonic in GO 

To examine the spatial coherence and phase uniformity of the generated even-like harmonic, we 

analyzed the measured time-domain waveforms of the 4th harmonic component in GO sample. 

HHG spectra were acquired from six spatially distinct spots across the samples, labeled S1 through 

S6. For each spot, the 4th harmonic is isolated by numerically applying a narrow spectral bandpass 

filter around the harmonic peak in the frequency domain, followed by an inverse Fourier transform 

to reconstruct the corresponding time-domain waveform (Fig. S5). 

Fig. S5 Spatial phase uniformity of the 4th harmonic in GO. Time-domain waveforms of the 4th 

harmonic component extracted from six spatially separated spots (S1–S6) on the GO samples. The 

waveforms were obtained by numerically applying a spectral bandpass filter around the 4th harmonic peak 

in the measured HHG spectrum, followed by inverse Fourier transformation. All waveforms exhibit 

consistent phase and temporal profiles, indicating high spatial coherence of the 4th harmonic generation 

across the sample. 
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As shown in Fig. S5, the resulting waveforms from all six positions exhibit consistent phase and 

waveform structure, indicating a high degree of spatial phase uniformity across the sample. This 

in-phase behavior of the 4th harmonic across macroscopically different sample regions supports 

the interpretation that the observed even-like harmonic generation is a coherent nonlinear response, 

rather than a result of random local symmetry breaking. 

Section S6: Simulated HHG using a Gaussian pump pulse and saturable transmission model 

We performed numerical simulations of HHG using a Gaussian pump pulse to investigate the 

factors influencing the emergence of even-like harmonics in GO. The two-step saturable 

transmission (ST) model developed in Section S2 was applied to the time-domain Gaussian pulse, 

and the resulting nonlinear response was Fourier-transformed to obtain the HHG spectra. We 

systematically varied three parameters: pump field strength, pulse duration, and carrier–envelope 

phase (CEP), to assess their impact on the spectral features and to identify conditions that could 

reproduce the experimentally observed harmonic structure. 

Field-dependent analysis of HHG 

We analyze the simulated HHG response of GO at three different peak THz field strengths; 1, 30, 

and 100 kV/cm, as shown in Fig. S6. These values correspond to distinct regimes of the saturable 

transmission curve in Fig. 4a, whereas 30 kV/cm lies within the plateau region and matches the 

THz field strength used in our measurements, and 1 kV/cm and 100 kV/cm fall in regions where 

the transmission increases monotonically with field strength. The simulations reveal that even-like 

harmonics emerge only when the driving field is in the plateau region (30 kV/cm). In this case, the 

simulated spectrum reproduces the experimental result, including the 1.45 THz feature 

corresponding to the 4th harmonic. In contrast, driving fields outside the plateau (1 kV/cm and 100 

kV/cm) generate only odd harmonics, consistent with expectations for conventional saturable 

absorbers such as graphene, whose transmission response (Fig. 4b) can be expanded as a power 

series in the optical field containing only odd-order terms. Figure S6b provides a zoomed-in view 

of the higher-frequency components, showing that the simulated HHG at 30 kV/cm agrees closely 

with the experimentally measured spectrum in GO (red line), both in harmonic positions and 

relative amplitudes. 
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Fig. S6 Field-strength dependence of simulated HHG in GO. a Simulated HHG spectra for peak THz 

field strengths of 1, 30, and 100 kV/cm. Even-like harmonic emerges only at 30 kV/cm, which lies in the 

plateau region of the saturable transmission curve (Fig. 4a). b Zoomed-in view of the higher-frequency 

region comparing the simulated spectrum with the measured HHG in GO (red). The simulated HH spectrum 

at 30 kV/cm shows close agreement with experiment in both harmonic positions and amplitudes. 

Pulse duration dependence 

Figure S7 shows the time-domain waveforms and corresponding simulated HH spectra for 

Gaussian pulses with FWHM durations of 1 ps, 1.6 ps, and 3 ps. For longer pulses (e.g., 3 ps), the 

spectra display well-separated and clearly dominant odd harmonics. As the pulse duration 

decreases, additional spectral components emerge between the odd harmonics, indicating wave-

mixing contributions beyond conventional odd-order generation. At the shortest duration 

examined (1 ps), the harmonic structure becomes less distinct, and the spectral separation 

deteriorates, indicating that temporal pulse shortening can disrupt spectral purity. 
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Fig. S7 Pulse duration dependence of HHG in GO. a Simulated time-domain waveforms of Gaussian 

pump pulses with durations (FWHM) of 1 ps, 1.6 ps, and 3 ps. (b) Corresponding HHG spectrum. Dashed 

gray lines indicate the fundamental frequency (0.37 THz) and the calculated positions of its odd harmonics. 

Carrier-envelope phase (CEP) dependence 

To examine the effect of the carrier-envelope phase, we simulated HHG driven by 1 ps and 5 ps 

pulses with CEP values of 0° and 90°. Figure S8 shows the simulated time-domain waveforms and 

corresponding HH spectra. For short pulses, the CEP strongly impacts the HHG spectrum: while 

the odd harmonics remain fixed in frequency, additional spectral features appear between them 

that are highly sensitive to the CEP. With a CEP of 90°, these features are positioned at the 

frequencies of even harmonics, whereas shifting the CEP to 0° changes both their position and 

amplitude. This behavior arises because the CEP modifies the phase relationships among 

interacting frequency components, altering the constructive and destructive interference conditions 

for multi-wave mixing. In contrast, for longer pulses containing many oscillation cycles, the 

relative phase between the carrier and the envelope averages out over the pulse duration, making 

CEP effects negligible. As a result, the harmonic spectrum remains largely unchanged, and only 

odd harmonics are observed. 
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Fig. S8 CEP dependence of HHG in GO. a, Simulated time-domain waveforms of 1 ps Gaussian pump 

pulses with carrier-envelope phase (CEP) values of 0° and 90°. b, Corresponding HHG spectra showing 

strong CEP dependence, particularly in the emergence and structure of spectral features between odd 

harmonics c, Time-domain waveforms of 5 ps pulses for CEP = 0° and 90°. d, Corresponding HHG spectra, 

where CEP effects are negligible and the harmonic structure remains largely unchanged. 
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Chapter 7 

Conclusions and Outlook 

Summary 

This thesis has explored the nonlinear optical behavior of graphitic materials in the THz regime, 

progressing from theoretical foundations and experimental platform development to the realization 

of advanced nonlinear effects in engineered 2D systems. The core objective was to understand and 

enhance HHG and other strong-field nonlinear phenomena in graphene and its functional 

derivatives under intense THz excitation. 

Chapter 1 provided a concise introduction and thesis outline, motivating the importance of 

nonlinear THz optics in bridging high-speed electronics and photonics, and highlighting the 

potential of graphitic materials and metamaterials for enabling scalable THz devices. 

In Chapter 2, we developed the theoretical framework that underpins THz nonlinear optics in 2D 

materials. We derived the nonlinear wave equation and examined both second- and third-order 

nonlinear polarizations, including the physics of optical rectification and phase matching. Special 

emphasis was placed on THz interactions with graphene, covering band structure, intraband and 

interband conductivity, and the role of field-driven carrier heating. We also introduced graphene 

oxide (GO) and its reduced forms, highlighting their tunable optical properties, fabrication routes, 

and potential for supporting symmetry-breaking effects. Finally, we discussed the role of plasmonic 

metasurfaces and localized surface plasmon resonances in manipulating THz fields and enhancing 

nonlinear interactions. 
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Chapter 3 presented the experimental infrastructure established for this work. A table-top tilted-

pulse-front THz system was implemented to generate intense, single-cycle THz pulses. We 

described the design of a flexible detection setup using electro-optic sampling and polarization-

sensitive filtering. Fabrication procedures for monolayer and multilayer CVD graphene, electrically 

gated architectures, and graphene oxide samples were detailed, alongside the design and 

lithographic fabrication of metamaterial-based spectral filters and metasurfaces. These tools 

formed the technological backbone for the experiments in later chapters. 

In Chapter 4, we addressed a key challenge in table-top THz nonlinear optics: the difficulty of 

detecting weak nonlinear signals due to the broadband and noisy nature of intense THz sources. 

These limitations significantly complicate the measurement of subtle effects such as third-harmonic 

generation in thin 2D materials. To address this, we proposed a spectral filtering strategy to enhance 

detection sensitivity by selectively isolating nonlinear signals from the broadband background. 

Motivated by this need, we designed and fabricated metamaterial-based THz spectral filters, 

including octave-wide bandpass filters with sharp roll-offs and high extinction ratios. These filters 

were specifically engineered to match the THz pulse properties of our table-top system. 

In Chapter 5, we first implemented the spectral filter configuration developed in Chapter 4— 

combining bandpass and highpass filters—to enable the detection of weak third-harmonic 

generation (THG) signals from graphene using a table-top THz source. This filtering setup 

significantly improved the signal-to-noise ratio and established a baseline for reliable nonlinear 

measurements. Building on this, we developed a comprehensive strategy to enhance THG 

efficiency in graphene through three main approaches: (i) increasing the light–matter interaction 

length by stacking decoupled multilayer graphene sheets, (ii) tuning carrier density via electrostatic 

gating, and (iii) hybridizing graphene with plasmonic metasurfaces to achieve local field 

enhancement. These techniques led to up to two orders of magnitude improvement in THG 

efficiency. However, we also identified an upper limit imposed by linear absorption in multilayer 
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graphene, with optimal performance around 6–8 layers. This chapter demonstrated how graphene’s 

nonlinear response can be engineered and optimized for THz harmonic generation. 

In Chapter 6, we addressed this limitation by turning to graphene oxide (GO), a functionalized 

derivative of graphene with lower linear THz absorption and broken inversion symmetry due to 

oxygen-containing functional groups. GO enabled the use of thicker films and longer interaction 

lengths without significant propagation loss. Our experiments revealed a rich nonlinear regime 

featuring coherent odd and even- like harmonic generation, and a unique saturable transmission 

behavior. A phenomenological two-level model was developed to explain the observed field-

dependent transmission and harmonic spectra. These findings identified saturable transmission as 

a new mechanism for effective symmetry breaking and wave mixing in 2D materials, and 

established GO as a tunable platform for nonlinear THz photonics. 

In summary, this thesis presents an integrated effort—spanning theoretical modeling, FDTD 

simulations, device fabrication, spectral filtering, and nonlinear THz spectroscopy—to advance our 

understanding of strong-field interactions in two-dimensional graphitic systems. To overcome the 

limitations of broadband and noisy table-top THz sources, we designed and fabricated custom THz 

spectral filters, enabling sensitive detection of weak nonlinear signals in ultrathin samples. We then 

developed a comprehensive platform to enhance the THz nonlinearity of 2D materials, 

implementing a synergistic strategy based on multilayer stacking, electrostatic gating, and 

plasmonic metasurface integration. This approach led to up to two orders of magnitude 

enhancement in third-harmonic generation in graphene. Finally, we extended this platform to 

functionalized systems such as graphene oxide, uncovering a unique THz-driven nonlinear regime 

characterized by saturable transmission and coherent even-like harmonic generation. Together, 

these contributions offer new insight into field-driven nonlinear dynamics in 2D materials and 

provide practical tools for developing scalable, tunable, and reconfigurable THz photonic 

components for next-generation signal processing and ultrafast optoelectronics. 
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7.1 Broader implications and future directions 

The findings presented in this thesis establish new pathways for understanding and engineering 

strong-field THz nonlinearities in 2D graphitic materials. While the focus has primarily been on 

high-harmonic generation (HHG) and saturable transmission, the methods developed here— 

spanning sample design, spectral filtering, device fabrication, and nonlinear spectroscopy—are 

versatile and extensible. Several promising research directions emerge from this work. 

7.2.1 Extending nonlinearity enhancement to other 2D materials 

The three-strategy enhancement platform demonstrated in Chapter 5—based on multilayer 

stacking, gating, and metasurface coupling—was validated for graphene, but the underlying 

principles are broadly applicable to other 2D materials. Transition metal dichalcogenides (TMDs), 

black phosphorus, hBN, or emerging Janus monolayers all exhibit tunable optical and electronic 

properties, some with built-in bandgaps and inherent asymmetry. Applying these strategies to such 

systems could enable stronger or more diverse nonlinear responses, facilitating exploration of THz 

harmonic generation, four-wave mixing, or self-phase modulation in platforms previously 

inaccessible to strong-field optics. 

7.2.2 Expanding the nonlinear toolbox in the THz regime 

To date, this thesis has focused on HHG and saturable absorption, but nonlinear optics in the optical 

and near-IR domains includes a much wider array of phenomena—such as four-wave mixing, 

cross-phase modulation, optical Kerr switching, and two-photon absorption. These effects are well-

known in the optical regime and form the basis for a wide range of applications, from wavelength 

conversion to quantum information processing. With appropriate material and device engineering, 

such nonlinearities could be translated into the THz regime, where they remain largely unexplored. 

Doing so could unlock new functionalities in THz signal generation, modulation, amplification, 

and logic. 
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7.2.3 Hybridization with electronic THz emitters 

The experiments in this thesis were driven by optical table-top sources that generate broadband 

THz pulses via optical rectification. However, electronic THz emitters, such as resonant tunneling 

diodes, HEMTs, or quantum cascade lasers, now operate up to 200–300 GHz and beyond, offering 

a different class of THz sources that are compact, electrically driven, and frequency-stable. 

Coupling these electronic sources to nonlinear 2D materials opens up the possibility of on-chip 

harmonic generation, frequency multiplication, or THz upconversion using practical, scalable 

hardware. This hybrid opto-electronic direction could serve as a bridge toward compact THz 

photonic circuits. 

7.2.4 Toward integrated THz nonlinear photonics 

The ability to tune THz nonlinearities via structural design, gating, or chemical functionalization 

makes graphitic materials ideal for integrated THz photonics. Future work could focus on 

integrating materials like graphene or GO with on-chip THz waveguides, resonators, or 

metasurfaces to create reconfigurable nonlinear components. Gated architectures, as demonstrated 

in this thesis, could enable voltage-controlled harmonic generation or ultrafast optical switching at 

chip-scale. Combining these capabilities with silicon photonics or polymer-based platforms may 

lead to hybrid photonic–electronic devices operating in the 0.1–10 THz window. 

7.2.5 Ultrafast control and spectral shaping 

The observation of coherent harmonic generation and saturable transmission suggests that ultrafast 

dynamic control is possible using THz fields. Future experiments could explore pulse shaping, 

carrier-envelope phase (CEP) sensitivity, or even feedback-controlled waveform synthesis to 

manipulate nonlinear responses in real time. Such control could be used to create adaptive THz 

modulators, programmable harmonic sources, or phase-sensitive logic gates—especially if 

implemented in integrated or waveguided geometries. 
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7.2 Final remarks 

Through a combination of experimental innovation, nonlinear modeling, FDTD simulations, and 

material engineering, this thesis advances the growing field of nonlinear terahertz optics. The work 

establishes graphitic materials—particularly stacked graphene architectures and functional 

derivatives like graphene oxide—as versatile and tunable platforms for driving strong-field light– 

matter interactions in the THz regime. The concepts, methods, and results presented here lay a 

foundation for future research in scalable, reconfigurable, and integrated THz photonic systems, 

with potential applications in ultrafast signal processing, sensing, and on-chip nonlinear optics. 

It is our hope that the tools and insights developed in this thesis will contribute meaningfully to 

both the scientific understanding and the practical realization of next-generation THz technologies. 
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