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Abstract 
 

Terahertz (THz) radiation technology aims to bridge the realms of electronics and photonics, and 

therefore it attracts increasing attention over the last two decades. A developing field of 

applications is that of THz wireless communication systems, particularly within the landscape of 

the fast-emerging 5G and 6G technologies, where THz waves promise increased bandwidths for 

the data demanding systems. Therefore, there is a constantly growing demand for efficient 

modulators that will operate at THz frequencies, with compact size. Under this prism, two-

dimensional (2D) materials such as graphene, hold great promise and have sparked widespread 

interest in the photonics community due to its unique structure and its unprecedented 

optoelectronic properties 

In this master thesis, graphene is investigated as an efficient non-linear material that can 

be incorporated in modulation devices that operate at THz frequencies. An electrically gate-tuned 

graphene-based Salisbury screen device is investigated, which consists of a graphene layer, placed 

on an ionic liquid substrate, back-plated by a metallic back- reflector. We demonstrate that the 

absorption and phase characteristics of the device can be self-modulated when the intensity of the 

incident THz field is high enough to drive the graphene layer in the non-linear regime. An 

amplitude modulation of more than three orders of magnitude in the resonant absorption of our 

device, and an absolute phase modulation of 130o when the THz field strength increases from 102 

to 654 kV/cm is demonstrated. The origin of this nonlinear response is explained by the graphene 

hot carriers’ dynamics. Beyond telecommunications, such devices could find applications in future 

dynamically modulated flat optics devices, as well as for THz beam spatio-temporal modulation. 
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1.  Introduction 
 

 

1.1. Basics of Terahertz science  

 

1.1.1 Definition and properties of THz radiation  

The electromagnetic spectrum (EM) includes groups of frequencies that are categorized in 

microwaves, visible light, infrared radiation, ultraviolet radiation, X-rays, and Gamma rays1. 

Higher than the microwave and lower than the infrared frequencies, a group called terahertz 

(THz) radiation exists (see Figure 1). The THz frequency range is typically between 0.1 THz and 

30 THz, corresponding to a wavelength range from 3 mm to 10 μm, photon energy from 0.4 meV 

to 120 meV and to an equivalent black body radiation with temperatures between 4 K to 1200 K2. 

This part of the electromagnetic spectrum has not been well explored due to the lack of practical 

efficient sources and sensitive detectors. The term “THz gap”3 resulted from the limits of the 

electron velocities which prevent electronic devices to operate above a few hundred GHz, and 

from thermal energies that limit the smallest electronic transitions useful for lasing, preventing 

solid-state lasers to operate below a few hundred THz. 

 

Figure 1: Diagram of the electromagnetic spectrum, showing the location of terahertz (THz) radiation 2. 

THz waves are a unique tool for research in several scientific fields due to the interesting 

properties they have4. First of all, THz radiation is sensitive and selective to the nature of the 

materials it passes through. Many substances show particular spectral characteristics, called 

fingerprinting by analyzing the frequency dependence of the transmitted THz power. Spectral 

fingerprints are essential in the process of identifying the chemicals in an unknown target5. 

Furthermore, molecular rotations, low frequency bond vibrations and crystalline phonon vibrations 

are present in this frequency range6,7. 
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Secondly, one of the most valuable properties of terahertz radiation is its ability to pass 

through a wide range of substances, thus making it possible to ‘see’ through many materials such 

as paper, fabrics, plastics, silicon and so on. These materials are transparent at THz frequencies 

because THz waves are less affected by Mie scattering due to their long wavelengths8. In addition, 

metals are highly reflective due to their high electrical conductivities, that enables us to detect 

objects that are concealed under various surfaces. Thus, THz radiation can be used in industrial 

control such as non-destructive testing and security screening at airports.  

Furthermore, contrary to X-ray photons that carry high energy (≈keV), which is sufficient 

to ionize biological tissues, a THz photon is significantly weaker (1 THz ≈ 4.1 meV) and thus THz 

radiation is harmless in biological tissues. As a result, ΤHz waves are considered safe for both the 

samples and operator. Moreover, THz radiation is strongly absorbed by water since it can excite 

rotational modes in water molecules, preventing it from penetrating the human body like 

microwaves can. The later allows the use of THz radiation for imaging applications (e.g., medical 

and biological) but only for limited penetration depth (see Figure 2). 

 

 Figure 2: Schematic representation of physical phenomena in THz range. 

Especially interesting for researchers is the possibility to use terahertz radiation to 

investigate numerous solid-state phenomena such as phonon modes of semiconductors and crystals 

and the band gaps of superconductors8. Finally, the ultrashort width of the THz radiation pulses 

allows for measurements (e.g., thickness, density, defect location) on difficult to probe materials 

(e.g., foam). Since THz pulses are detected by sampling measurement of the electric field which 

allows an access to the amplitude and the phase of the radiation absorption and dispersion 

spectroscopy of many materials can be performed, giving us also chemical and structural 

information. 
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1.2 Application of Terahertz radiation  

The unique properties of terahertz waves have been exploited in a variety of imaging and 

sensing applications. These applications of terahertz radiation are applied in a plethora of fields 

such as communication, astronomy, security, dentistry, pharmacy, quality assurance, medicine and 

art conservation9 (see Fig.3). 

 

Figure 3: THz imaging and spectroscopy applications.   

Broadband THz time - domain spectroscopy (THz-TDS) is a useful and non-invasive tool 

because THz waves have the ability to characterize the molecular structure of many substances. 

Especially, in food industry numerous studies have demonstrated the detection of antibiotic 

residues in food matrices, the detection of pesticides in food powders or the spectroscopic 

characterization of various products10.  

Furthermore, THz science has been successfully applied to the field of art conservation and 

cultural heritage11. The non-invasive and non-destructive nature of THz imaging and spectroscopy 

can provide information about the materials below layers of the paint without the need of taking 

sample from the object. Apart from using THz waves for non-invasive imaging, THz spectroscopy 

plays a vital role for the analysis of various materials in cultural heritage. Specifically, it can be 

used to identify pigments and binders that exhibit characteristic fingerprints in the THz frequency 

range. These two characteristics can give the opportunity to recognize the materials that are used 

in paintings alone or in combination with pigments and binders (see Figure 4). 
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Figure 4: a) A painting in visible and THz image, b) THz images of the different layers of the painting11 

Another research field of the THz technology is security screening. THz radiation can 

penetrate plastics and fabrics and thus it can be used in surveillance applications, such as security 

screening to uncover concealed weapons on a person remotely12. Many materials have unique 

spectral fingerprints in the terahertz range. This offers the possibility to combine spectral 

identification with imaging13. At airports or other security places dangerous non-metallic 

substances like ceramic knifes or plastic explosives now can be detected with terahertz beams 

through clothes14,15 as illustrated in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Terahertz image of man with hidden knife12 

Another fertile area for the THz science is the medical science since terahertz radiation can 

penetrate several millimeters of tissue with low water content (e.g., fatty tissue) and reflect back16. 

Terahertz radiation can also detect differences in water content and density of a tissue. 

Furthermore, important studies have been made on the diagnosis of cancer. By using THz 

spectroscopy and imaging, it is possible to distinguish a benign tumor from a malignant one. The 

contrast between them is attributed to their different hydration levels. However, THz imaging as a 

diagnostic tool is still in initial stage and the systems based on it, still require significant 
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improvements and development before they can be accepted as non-invasive diagnostic tools by 

the medical community. 

Finally, the communication technology sector constitutes a large potential market for THz 

applications15. In outer space, the transmission of THz is lossless, so we can achieve long-range 

communications with very little power. At the same time, compared with the current space optical 

communication, THz wave has wider beam width, so it is easier to pointing in the long-distance 

space communication. The utilization of THz science would be of great benefit here by enabling 

high-performance wireless connections. 

 

 

1.3 THz generation sources  

Historically, the most popular approaches in THz pulsed sources are based on 

photoconductive antennas and optical rectification techniques. THz radiation can be generated in 

a photoconductive switch on a semiconductor substrate excited by a femtosecond pulse or in an 

electro-optic crystal by difference-frequency mixing of the frequency components of a 

femtosecond laser pulse17. In this work, their principles will be briefly reviewed to introduce the 

basic requirements needed for the THz time-domain spectroscopy (THz-TDS). 

 

1.3.1 Photoconductive Antennas (PCAs) 

Photoconductive Antennas (PCAs) were first reported by Auston et al. in 1984 for 

generation of THz radiation from ultrafast optical pulses. Today, PCAs remain the most widely 

used source and detector for THz-TDS due to their good performance, low cost, and relative 

simplicity18. 

A photoconductive antenna consists of two electrodes that are deposited on a semi-

insulating semiconductor substrate with a gap between them, as depicted in the following Figure 

6.  A DC voltage is applied across the electrodes to generate THz pulses. Since the substrate is 

semi-insulating, electric energy is stored in the gap area. 
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Figure 6: Scheme of photoconductive antenna18. 

The substrate is photoexcited with above bandgap photon energy ultrashort laser pulses at 

the antenna gap, which moves electrons from the valence to the conduction band of the 

semiconductor, creating electron-hole pairs. These photocarriers are being accelerated by the 

applied external DC bias voltage, which creates a transient current gradient and radiates THz 

pulses. Finally, the THz emitter’s electrons return to their original state before the next laser pulse 

arrives19. The charge density decreases on the time scale of carrier lifetime due to trapping of free 

carriers in the defects. Since electrons have much higher mobility than the holes, the contribution 

of holes can be ignored in most cases. The current density is then described as:  

 

𝑱 = 𝑵(𝒕)𝒆𝝁𝑬𝒃             (1) 

 

where N is the density of photocarriers, e is the elementary charge, μ is the mobility of electrons 

and Eb is the bias electric field. The photocarrier density N is a function of time, whose format is 

determined by the laser pulse shape and the carrier lifetime. Since the photocurrent varies in time, 

it generates electromagnetic pulse, whose electric field is approximately: 

 

   𝑬𝑻𝑯𝒛 =
𝟏

𝟒𝝅𝜺𝟎

𝑨

𝒄𝟐𝒛

𝝏𝑱(𝒕)

𝝏𝒕
=

𝑨𝒆

𝟒𝝅𝜺𝟎𝒄𝟐𝒛

𝝏𝑵(𝒕)

𝝏𝒕
𝝁𝑬𝒃                                       (2) 

  

where A is the area in the gap illuminated by the laser light, ε0 is the vacuum permittivity, c is the 

speed in vacuum and z is the distance between the field point and the THz source. 

Generation of THz radiation through a PCA depends on various factors such as the antenna 

geometry, the optical pulse duration, the applied bias voltage, along with the properties of the PCA 

substrate such as bandgap, carrier lifetime and carrier mobility20. The typical antenna gap size is 

of the order of few micrometers. However, this causes a decrease in the effective region where the 

THz electric field is generated. The applied bias voltage can be increased only up to the damage 

threshold of the material. To conclude, the energy of the THz pulse comes from the electric field 

stored across the gap area rather than the optical pulse energy. Since the radiating energy comes 

from the stored energy in the form of the static bias field, the THz radiation energy increases with 

the bias and optical fluency21. 

 

1.3.2 Optical rectification in nonlinear media 

Difference frequency mixing or optical rectification (OR) is a popular method for the 

emission of THz radiation, which is based on the second order nonlinear process in non-

centrosymmetric materials 22 (Figure 7).  The first attempt to generate THz radiation using OR 

technique was carried out by Zernike and Berman. It is a process, similar to the linear electro-optic 

effect, which occurs in crystals that are non-centrosymmetric or it is possible in centrosymmetric 
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if the symmetry is broken by a strong electric field. Moreover, generation and detection of THz 

radiation pulses by optical rectification require that the crystals are sufficiently transparent at THz 

and optical frequencies.  

Typically, femtosecond laser pulses are used to generate THz waves via optical 

rectification. Since a femtosecond pulse is a broadband pulse which contains many frequency 

components, any two frequency components contribute to the difference-frequency generation, 

and overall result is the weighted sum of all the contributions19. One femtosecond laser pulse is 

enough to stimulate optical rectification radiation. Mathematically, the polarization P can be 

expanded into a power series of the electric field: 

 

𝑷(𝒓, 𝒕) = 𝝌𝟏𝑬(𝒓, 𝒕) +  𝝌𝟐: 𝑬(𝒓, 𝒕)𝑬(𝒓, 𝒕) + 𝝌𝟑: 𝑬(𝒓, 𝒕)𝑬(𝒓, 𝒕)𝑬(𝒓, 𝒕) + ⋯    (3) 

 

where 𝜒𝑛(r, t) is the nth-order nonlinear susceptibility tensor. Optical rectification comes from the 

second term of the above equation. If the incident light is plane wave, the E can be expressed as: 

 

𝑬(𝒕) = ∫ 𝜠(𝝎) 𝒆𝒙𝒑(−𝒊𝝎𝒕) 𝒅𝝎 + 𝒄. 𝒄
+∞

𝟎
              (4) 

 

By substituting the equation (3) into equation (4), the polarization for optical rectification is given 

by: 

 

𝑷𝑶𝑹
(𝟐)(𝒕) = 𝟐𝝌(𝟐): ∫ ∫ 𝑬(𝝎𝟏)𝑬∗(𝝎𝟐) 𝒆𝒙𝒑[−𝒊(𝝎𝟏 − 𝝎𝟐)𝒕] 𝒅𝝎𝟏𝒅𝝎𝟐 = 𝟐𝝌(𝟐): ∫ ∫ 𝑬(𝝎 +

∞

𝟎

∞

𝟎

∞

𝟎

∞

𝟎

𝜴)𝑬∗ 𝒆𝒙𝒑[−𝒊𝜴𝒕] 𝒅𝜴𝒅𝝎      (5) 

 

where Ω is the frequency difference of the two optical frequency components. The production of 

the THz radiation relies on the difference frequency generation with the frequency difference to 

zero23. The bandwidth of the THz radiation pulse is determined by difference frequency generation 

by all frequencies within the bandwidth of the femtosecond laser pulse. In the far field, the radiated 

field Er(t) is proportional to the second derivative of the 𝑃𝑂𝑅
2 (𝑡) with respect to time: 

 

𝑬𝒓(𝒕) ∝
𝝏𝟐

𝝏𝟐𝒕
𝑷𝑶𝑹

(𝟐)(𝒕)            (6) 

 

The crystal structure affects the susceptibility tensor. Far-field waveform of the radiation can be 

calculated with a given crystal structure and incident light. Crystal orientation, thickness, 

absorption and dispersion, diffraction, phase matching and saturation affect the radiation 

efficiency, waveform and frequency distribution. For a nonlinear process such as THz generation 

from optical rectification, the most important factor is phase matching. It requires conservation of 

energy and momentum in the nonlinear process. Only when phase matching is satisfied, all three 
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waves participating in the optical rectification process can be kept in phase and lead to maximum 

energy conversion coefficient along the light propagation or phase mismatch leads to a phase walk 

off while propagating19. Finally, the optical rectification is somewhat like a classical 

electrodynamic emission of radiation by an accelerating/ decelerating charge, except that here the 

charges are in a bound dipole form and the THz generation depends on the second susceptibility 

of the nonlinear optical medium 23.  

 
Figure 7: Optical rectification process 24 

 

1.3.3 Two color filamentation in air  

A promising technique to obtain THz pulses with high-field strengths is two-color 

filamentation of femtosecond lasers in ambient air as is shown in Figure 8. The second harmonic 

beam is generated by focusing an intense beam through a BBO crystal25.  Both the fundamental 

IR pulse (ω) and its second harmonic (2ω) are overlapped, propagated in the same direction and 

THz emission is the result of a transversal plasma photocurrent produced from a synthesized 2-

color asymmetric laser field. The generation of THz pulses through two color photoinduced plasma 

will be discussed in the following chapter. 

 

Figure 8: Schematic representation of THz emission through two color filamentation in air25 
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1.4 THz waves detection  

THz detection schemes are often classified as being either coherent or incoherent. If they 

measure the amplitude and phase of the input field, they are coherent, while if they only measure 

the intensity, they are incoherent22. Examples of coherent THz systems are photoconductive 

antennas (PCA), electro-optic sampling, heterodyne detector and Air Biased Coherent Detection 

(ABCD) while incoherent THz systems are pyroelectric detectors, bolometers and Golay cells. 

The latter techniques allow only the signal’s amplitude detection and are broadband detection 

systems with their main advantage being relative operation simplicity without need of adjustment 

in wide frequency band. 

 

A) Incoherent detection of THz pulses 

 

1.4.1 Heterodyne detector 

Heterodyne detection is a method of detecting radiation by non-linear mixing with 

radiation of a reference frequency. It is commonly used in telecommunications and astronomy for 

detecting and analyzing signals. The radiation is most commonly either radio waves or light which 

is mixed with some strong local oscillator wave which is the reference signal. The signal and the 

local oscillator are superimposed in a mixer. The mixer, which is a (photo)diode, has a non-linear 

response to the amplitude, that is, at the least part of the output is proportional to the square of the 

input. A schematic representation of a heterodyne detection system is illustrated in Figure 9 26. 

 

 
Figure 9: Schematic representation of heterodyne detection23 

 

The electric field of the received signal can be represented as: 

 

𝑬𝒔𝒊𝒈𝒄𝒐𝒔 (𝝎𝒔𝒊𝒈𝒕 + 𝝋 )      (7) 

 

and the signal from the local oscillator can be represented as: 
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𝑬𝑳𝑶𝒄𝒐 𝒔 𝝎𝑳𝑶𝒕      (8) 

 

The output I of the detector is proportional to the square of the amplitude: 

 

I∝ (𝑬𝒔𝒊𝒈 𝒄𝒐𝒔 (𝝎𝒔𝒊𝒈𝒕 + 𝝋) + 𝑬𝑳𝑶𝒄𝒐𝒔 ( 𝝎𝑳𝑶𝒕))𝟐   (9) 

 

The development of the above equation gives an output which has frequency (2ωsig and 2ωLO) 

components, a beating component (ωsig-ωLO) as well as constant components. In heterodyne 

detection, the high frequency components and usually the constant components are filtered out, 

leaving the intermediate (beat) frequency. The amplitude of this last component is proportional to 

the amplitude of the signal radiation. 

 

1.4.2 Pyroelectric detector 

Pyroelectricity refers to a phenomenon observed in pyroelectric materials, in which a 

voltage difference is induced across the material when there is a temporal temperature variation. 

It can be seen as one of the sides of a triangle with three vertices representing the three types of 

energy present in a material: thermal, mechanical and electrical energy. The side connecting the 

thermal and electrical energies represents the pyroelectric effect. The schematic of a typical 

pyroelectric detector is shown in Figure 10. The side connecting the electrical and mechanical 

energies represents the piezoelectric effect. When there is a temperature change, for example by 

incident radiation, polarization changes. This change in polarization can be observed as an 

electrical signal if electrodes are placed on opposite faces of a thin slice of the material to form a 

capacitor.  The sensor will only produce an electrical output signal when a change in temperature 

occurs. If the temperature is constant, the pyroelectric voltage gradually disappears due to leakage 

current.  

Commonly used pyroelectric materials include triglycine sulphate (TGS), deuterated 

triglycine sulphate (DTGS), lithium tantalite (LiTaO3) and barium titanate (BaTiO3). 

Ferromagnetic materials such as LiTaO3 exhibit a large spontaneous electrical polarization varying 

with temperature24. 
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Figure 10: Schematic representation of pyroelectric detection23 

 

 

B) Coherent detection of THz pulses 

 

1.4.3 Photoconductive antennas  

Photoconductive antennas (PCAs) excited by ultrashort (femtosecond) laser pulses can be 

used to detect as well as generate broadband THz radiation. The only major difference is that as a 

detector, its two electrodes are connected to a current sensor rather than a power supply (Figure 

11). By controlling, the time delay between the THz pulse and the optical probe pulse, the electric 

field across the strip line of the photoconductive antenna at any given time is sampled by the optical 

probe pulse which serves to generate transient photocarriers in the substrate at that specific time. 

Since the THz pulses and laser pulses remain for a certain time delay, the photoinduced carriers 

see a steady field, and are driven by this field to form a current between the two electrodes27. The 

THz field induced current is: 

�̅� = �̅�𝒆𝝁𝑬(𝝉)      (10) 

 

Here 𝑁 denotes the average electron density and τ is the temporal delay between probe and the 

THz pulse.  By scanning the temporal delay, the THz pulse waveform, as a function of τ is 

recorded. Typically, the period of the THz oscillation is about one picosecond (ps) and the THz 

pulses are a sub cycle to a few cycles of oscillation28. As shown in the above equation, the detection 

of THz pulses directly records its field rather than its intensity. The measurement records not only 

the amplitude, but also the phase information of the THz pulse, which gives access to various 

parameters. 
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Fig. 11: Terahertz detection using photoconductive antenna29  

 

 

1.4.4 Electro-optic sampling  

Another method for the detection of THz radiation is the electro-optic sampling which is 

based on the Pockels effect, where the THz electric field induces an instantaneous birefringence 

i.e., difference in the refractive indices along each crystal axis, in an electro-optic crystal (Figure 

12)30. This varying birefringence leads to a change in polarization of an optical probe pulse which 

is travelling through the electro-optic medium27. This change can be detected after the crystal, 

using a combination of polarization optics and a pair of photodetectors. More details about this 

detection method will be given in the following chapter.   

 

 
Figure 12: Schematic presentation of EO sampling method 30 
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1.4.5 Air Biased Coherent Detection (ABCD)  

In this detection technique, the basic principle utilized to sense the pulsed terahertz waves 

is the measurement of the terahertz field induced optical second harmonic generation (TFISH) 

through a third order nonlinear process31. ΑBCD is a pump-probe technique and a schematic 

representation it is depicted in Figure 13.  A properly synchronized probe IR pulse at ω frequency 

is recombined with the THz pulse and are together focused on ambient air between two electrodes 

that are AC biased, generating a TFISH signal which is then collected by a photomultiplier (PMT). 

The use of PMT is essential since the 2ω signal generated is extremely weak. 

  
Figure 13: Schematic representation of Air Biased Coherent Detection technique 29 

 

The AC bias generates an extra second harmonic signal that mixes with terahertz field induced 

Second harmonic pulse. The second harmonic field generated by the TFISH process can be 

described as: 

𝜠𝟐𝝎
𝑻𝑯𝒛 ∝  𝝌(𝟑)𝜠𝑻𝑯𝒛𝜠𝝎𝜠𝝎 ∝ 𝝌(𝟑)𝜠𝑻𝑯𝒛𝜤𝝎        (11) 

  

where E2ω, Eω and ETHz are the electric field amplitudes of 2ω, ω and terahertz waves respectively, 

χ (3) is the third order susceptibility of the gas. Since 𝐸2𝜔∝𝐸𝑇𝐻𝑧𝐸𝜔Ε𝜔 it follows that the second 

harmonic field is proportional to the THz electric field. In practice, we measure the intensity or 

power of the second harmonic but not its electric field. The measured signal in Eq. 11 is incoherent 

and therefore the phase information is lost, limiting the possible applications of the technique. To 

realize coherent measurements, a local oscillator at the 2ω frequency Ε2𝜔
𝐿𝑂  is generated to interfere 

with the second harmonic induced by the THz field, as expressed by the following equation: 

 

𝑰𝟐𝝎 ∝ |𝜠𝟐𝝎|𝟐 (𝑬𝟐𝝎
𝑻𝑯𝒛 + 𝑬𝟐𝝎

𝑳𝑶 )
𝟐

= 𝑬𝟐𝝎
𝑻𝑯𝒛𝟐

+ 𝟐𝑬𝟐𝝎
𝑳𝑶 𝑬𝟐𝝎

𝑳𝑶 𝒄𝒐𝒔𝝋 + 𝑬𝟐𝝎
𝑳𝑶𝟐    (12) 

 

where φ is the phase difference between the 𝐸2𝜔    
𝑇𝐻𝑧 and 𝐸2𝜔

𝐿𝑂  which is either 0 or π depends on the 

direction of the bias field. Terahertz field induced second 𝐸2𝜔
𝑇𝐻𝑧 and the AC 𝐸2𝜔

𝐿𝑂 bias induced second 

harmonic can be written as: 
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𝑬𝟐𝝎
𝑻𝑯𝒛 ∝ 𝝌(𝟑)𝜤𝝎𝑬𝑻𝑯𝒛        (13) 

𝑬𝟐𝝎
𝑳𝑶 ∝ 𝝌(𝟑)𝜤𝝎𝑬𝒃𝒊𝒂𝒔         (14) 

 

Where 𝐸𝑏𝑖𝑎𝑠 is the bias electric field, Using the above equation, Eq. 11 can be written as: 

 

𝜤𝟐𝝎 ∝ (𝝌(𝟑)𝜤𝝎)
𝟐

(𝑬𝑻𝑯𝒛)𝟐 + (𝑬𝒃𝒊𝒂𝒔)𝟐 ± 𝟐𝑬𝒃𝒊𝒂𝒔𝑬𝑻𝑯𝒛   (15) 

 

Due to the phase modulation of the bias-induced second harmonic, the process can be interpreted 

in terms of heterodyne detection. Assuming, a constant carrier-envelope phase of the laser pulse, 

the second harmonic pulses from a frequency comb31. The phase modulated pulses have a 

frequency comb shifted by the modulation frequency and, thus, when the intensity is measured, 

the detector acts as a mixer, providing the difference frequencies of the combs. Only the cross term 

is present at the modulation frequency, while the other terms exist only on the even harmonics and, 

thus lock-in amplification easily isolates the signal proportional to ETHz. Under the above 

description the measured second harmonic intensity will be:  

 

𝜤𝟐𝝎 ∝ 𝟒[(𝝌(𝟑)𝜤𝝎)]
𝟐

𝑬𝒃𝒊𝒂𝒔𝑬𝑻𝑯𝒛    (16) 

 

 

And we can see that the intensity of the second harmonic pulse depends now on the electric field 

the THz pulse allowing it this way to be coherently detected. Finally, ABCD is a coherent and 

broadband detection scheme but it still has some limitations29. Firstly, it is less sensitive than 

electro optic sampling so the SNR is lower compared to electro optic crystals and secondly, it’s 

detection bandwidth strongly depends on the probe pulse duration.   
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2. Properties of ultrashort laser pulses  

 

 

2.1 Self-focusing  

Self-focusing is a non-linear optical process induced by the change in refractive index of 

materials that are exposed to intense electromagnetic radiation. In the presence of a strong laser 

filed, the refractive index of air, is not only dependent on the frequency of the laser field, but also 

on its spatio-temporal intensity distribution according to the following relation:  

 

𝒏 = 𝒏𝟎 + 𝒏𝟐𝑰(𝒓, 𝒕)       (17) 

where n2 (cm2/W) is the nonlinear refractive index of the medium and depends on the frequency 

of the incident wave and the material properties, n0 is the linear refractive index of the material 

and I (r, t) is the intensity of the field at a specific point in time and space32. Typically, the nonlinear 

refractive index n2 is of the order of 10-19 cm2/W in gases and 10-16 cm2/W in amorphous solids 

and liquids. In a Gaussian laser beam, the central part of the has higher intensity and thus for 

positive n2, the central part of the beam experiences a larger refractive index than the edges. This 

forces the material to act as a positive lens, forcing the beam to self-focus inside the material as 

depicted in figure 14. This phenomenon occurs when the Kerr lensing effect is significant enough 

to overcome beam divergence due to diffraction. This is possible only if the power carried by the 

beam is above a critical value. For Gaussian beam the critical power is expressed as: 

                        𝑷𝑪𝒓 =
𝟑.𝟕𝟕𝝀𝟎

𝟐

𝟖𝝅𝒏𝟎𝒏𝟐
         (18) 

Typically, the critical power for an 800 nm laser pulse is about 3.2 GW in air and 4 MW in water. 

 

Figure 14: Schematics representation of self-focusing of a Gaussian beam. Black line: Intensity distribution 
orange: refractive index modulation29. 
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2.1.1 Optical field ionization and plasma defocusing   

Optical field ionization or photo-ionization is one of the main mechanisms that arrest the 

beam collapse from self -focusing. When the light field is strong or the intensity is high, photo-

ionization can take place through nonlinear mechanisms. In photo-ionization, the energetic 

electrons in the valence band are promoted to the conduction band depending on the intensity and 

energy of the incident beam33. It can occur by two methods, namely, tunneling and multiphoton 

ionization as shown in figure 15. Multiphoton ionization (MPI) is the first process to occur and its 

rate scales as 1k, where k is the number of simultaneously absorbed photons. For air is 

approximately equal to 8 at a laser wavelength 800nm. At higher intensities, tunnel ionization 

occurs where an electron escapes through the barrier deformation formed by the electromagnetic 

field and the Coulomb potential34. In terms of laser intensity, the MPI is responsible for relatively 

low laser intensities 1012 - 1013 W/cm2, whereas tunneling ionization is responsible for intensities 

1014 W/cm2 and above.  

 

Figure 15: Photo-ionization mechanisms33 

The direct effect of this plasma formation is a local reduction of refractive index. This 

effect acts as a negative defocusing lens, preventing the beam from collapsing. The index variation 

due to the plasma is expressed as: 

𝒏 = 𝒏𝟎 −
𝝆(𝒓,𝒕)

𝟐𝝆𝒄
       (19) 

where ρ is the electron density of the generated plasma and ρc the critical plasma density. Plasma 

defocusing is a higher order nonlinear process than self-focusing, and therefore it will eventually 

dominate given high enough intensity values. A schematic presentation of plasma defocusing is 

shown in Figure 16. 
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Figure 16: Schematics representation of plasma-defocusing. Black line: Intensity distribution 
green: refractive index modulation29 

 

2.1.2 Filamentation  

Numerous non-linear phenomena occur during the propagation of high intensity ultrashort 

laser pulses in air. An impressive example of these phenomena is the so-called filamentation. It is 

a highly complex and dynamical physical phenomenon that results from the nonlinear interaction 

between an intense optical field and the medium through which it propagates. After propagating, 

a femtosecond laser pulse turns into a white light laser pulse whose transverse pattern shows a 

central white spot surrounded by colored rings35. Linear phenomena such as diffraction and 

dispersion are acting on the wave packet and given enough power the beam will start self-focus. 

Self-focusing leads to an increase of the intensity, which will in turn accelerate the self-focusing 

process. Close to the point of collapse the intensity of the pulse is high enough to ionize the 

medium through MPI and tunneling ionization and will generate plasma34 that will defocus the 

trailing part of the pulse widening the beam. There are many cycles of focusing and defocusing 

taking place leading to filament formation (Figure 17).  The length of the filament is different in 

different media while the free electron generation mechanisms inside the filament core are 

different between gases and condensed matter materials. The formation of filaments can be 

described as a self-action process where the laser beam undergoes spatial and temporal 

reshaping36. 

 
Figure 17: a) Illustration of filamentation in air b) white light 34 
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3. Terahertz Time-Domain Spectroscopy (THz-TDS) 
  

 

3.1 THz emission through two-color filamentation in air   

Through two-color filamentation the fundamental frequency of the laser together with its 

second harmonic frequency are used in order to form a filament and finally to generate intense 

THz fields37. The resulting THz pulses can have energies exceeding hundreds of microjoules and 

extremely high electric and magnetic fields38. Moreover, the emitted THz pulses have extremely 

broad spectra, ranging from almost 0 to 60 THz, or even 200 THz that entirely cover the “THz 

gap”, whereas in THz emission with photoconductive antennas, the emitted spectrum does not 

exceed 4 THz due to the electron relaxation time of the semiconductor substrate.  

There are two models used to explain the nonlinear optical processes responsible for the 

THz emission in air. The first is the four-wave mixing (FWM) and the other is the asymmetric 

transient current model. The FWM is a non-linear process of third order χ(3) and the emitted THz 

electric field can be expressed as39 

𝑬𝑻𝑯𝒛(𝒕) ∝ 𝝌(𝟑)𝑬𝟐𝝎(𝒕)𝜠𝝎
∗ (𝒕)𝜠𝝎

∗ (𝒕)𝒄𝒐𝒔(𝝋)      (20) 

When describing the THz field as a function of optical beam, eq. (20) can also be written as  

𝑬𝑻𝑯𝒛 ∝ 𝝌(𝟑)√𝑰𝟐𝝎𝑰𝝎𝐜𝐨 𝐬(𝝋)       (21) 

On the other hand, according to the photocurrent model intense THz pulses are emitted 

through a two-color filament as the result of a net transverse current which is formed in the plasma 

channel. For an appropriate phase between the ω and 2ω, an asymmetric synthesized laser electric 

field is formed and strips off the free electrons towards the same direction. For this model the 

synthesized laser field is: 

𝑬𝑳(𝒕) = 𝑬𝝎𝒄𝒐𝒔𝒕 + 𝑬𝟐𝝎𝒄𝒐 𝒔(𝟐𝝎𝒕 + 𝜽)    (22) 

After ionization, the external laser electric field accelerates the free electrons at a velocity 

of: 

𝒖(𝒕) = −
𝒆

𝒎𝒆
∫ 𝑬𝑳(𝒕)𝒅𝒕

𝒕

𝒕′     (23) 

Assuming that the electrons velocity is zero, then the drift velocity is given by the following 

equation: 

𝒖𝒅(𝒕′) =
𝒆𝑬𝝎𝒔𝒊𝒏(𝝎𝒕′)

𝒎𝒆𝝎
+

𝒆𝑬𝟐𝝎𝒔𝒊𝒏(𝟐𝝎𝒕′+𝜽)

𝟐𝒎𝒆𝝎
     (24) 

 

As a result, for θ=π/2 the symmetry is broken and a net current is formed which is given by the 

equation:  

𝑱(𝒕) = ∫ 𝒆𝝊𝒆(𝒕, 𝒕′)𝑵𝒆(𝒕)𝒅𝒕′𝒕

𝒕𝟎
          (25) 
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where Ne is the electron density calculated from the ionization rate equation. The THz electric field 

is derived from the electron current density40: 

  

𝑬𝑻𝑯𝒛 ∝
𝒅𝑱(𝒕)

𝒅𝒕
= 𝒆

𝒅𝑵𝒆(𝒕)

𝒅𝒕
𝒖𝒅(𝒕)     (26) 

A typical experimental set up for generation by two color filamentantion  is presented in Figure 18 37. 

 

 

Figure 18: Typical set up for generation by two color filamentation37 

 

 

3.2 THz detection through electro-optic sampling 

Electro-optic (EO) sampling is an optoelectronic technique of optical sampling in which 

the propagation of THz waves through optically active crystals leads to linear electro-optic effect 

or Pockels effect. The Pockel’s effect is closely related to optical rectification. As optical 

rectification is a χ2- process for generation of THz radiation the Pockel’s effect is a χ2- process that 

can be used for the detection of THz pulses. Nonlinear crystals with zincblende structures such as 

ZnTe and GaP, are widely used for the EO-sampling method41. In EO, the THz field is measured 

by modulating a probe laser beam inside the EO crystal, where it changes the polarization ellipsoid 

of the refractive index of the EO crystal. The linearly polarized probe beam co-propagates inside 

the crystal with the THz beam, and its phase is modulated by the refractive index change induced 

by the electric field of the THz pulse42-43. The existence of the THz field changes the birefringence 

of the EO crystal, i.e causing the refractive index to be different for polarizations along different 

axes of the crystal. The electric field induced birefringence changes the polarization of the probe 

beam. This polarization change is converted to intensity change by an analyzer such as a Wollaston 

prism. Usually, a pair of balanced photodiodes is used to suppress the common laser noise while 

the signal is doubled. 

For a zincblende crystal, such as ZnTe, when an electric field is applied, its ellipsoid of the 

refractive index is  
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𝒙𝟐+𝒚𝟐+𝒛𝟐

𝒏𝒐
𝟐 + 𝟐𝜸𝟒𝟏𝑬𝒙𝒚𝒛 + 𝟐𝜸𝟒𝟏𝑬𝒚𝒙𝒛 + 𝟐𝜸𝟒𝟏𝑬𝒛𝒙𝒚 = 𝟏   (27) 

 

Where n0 is the refractive index of the crystal without electric field, x,y,z are coordinate units of 

the ellipsoid, Ex ,Ey ,Ez are the applied electric fields along the corresponding axes and γ41 is the 

EO coefficient of the crystal. A phase delay Γ can be calculated according to the change of the 

refractive index  

Γ=
𝟐𝝅𝒅

𝝀
Δn       (28) 

where d is the thickness of the EO crystal and Δn is difference between long and short axes of the 

ellipsoid. In order to measure this phase delay, we can use a balanced detection. Figure 19 shows 

the concept of balanced measurement. A linearly polarized probe beam is transformed to elliptical 

polarization through the electro-optic process29. A quarter wave plate is used to bias the 

polarization of the probe beam. An analyzer (Wollaston prism) is used to split the biased probe 

beam into s and p polarization components and a pair of balanced photodetectors measures the 

difference between them. When no THz field is applied, s and p polarization components will have 

the same intensity after the analyzer and the balanced detector gives no signal (figure 20). The 

presence of THz field changes the polarization of the probe beam, generating a measurable signal 

in the balanced detector which is:  

S∝ 𝒔𝒊𝒏𝜞      (29) 

 
Figure 19: THz detection through EO sampling29 

 

Position (1) (2) (3) (4) 

No THz 

   
 

THz 

present   
 

 

Figure 20: How polarization is affected with THz or not in different positions during the EO sampling  
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3.3 THz experimental set up  

A) High power sources  

THz time-domain spectroscopy is a pump-probe technique in which the properties of the 

sample are probed with short pulses of THz radiation. After a time-delay, the probe is used to 

detect coherently the reflection or transmission of the pump beam. The approaches for the emission 

and detection of THz radiation have been already analyzed in the previous sections. 

The homemade THz-TDS system used in this work operates in reflection mode and is 

illustrated in figure 21. A powerful amplified kHz Ti: Sa laser system delivering 35 fs pulses at 

800 nm central wavelength and energy of 2.3 mJ per pulse is used. First, the ultrafast laser pulse 

splits into pump and probe beams by a dielectric beam splitter (90:10). The 90% is used for the 

generation of THz pulses and 10% for the THz detection. In our system the THz pulses are 

generated from a two-color filamentation. Thus, the pump beam is focused in ambient air after 

partial frequency doubling in a beta-Barium- Borate (BBO) crystal to produce a two-color filament 

and then the THz radiation. A silicon wafer is placed to stop the visible light and allow only the 

THz pulses to pass. Two off- axis parabolic mirrors with gold coating are used to collect, collimate 

and focus the THz pulses on the sample. Another pair of parabolic mirrors is used to collect the 

reflected THz pulses guide them into the detection crystal. The sample is mounted on a metallic 

surface on an X-Y-Z stage in an incident angle that can be varied between 16o and 70o. Moreover, 

the probe pulse (detection pulse) is used to probe the THz field using electro-optic sampling. It 

passes through an optical delay line with femtosecond resolution. Both detection and THz pulses 

meet on the pellicle beam splitter and then co-propagate collinearly. A balanced detector is used 

to measure the induced phase delay on the probe beam. Another part of the initial beam is used to 

excite the sample in an IR-pump/THz probe configuration.  The angle of incidence of the THz 

beam on the sample is equal to 30o, while the pump beam illuminates it at normal incidence. 

Finally, the whole set up is enclosed in a purged gas chamber for eliminating THz absorption from 

water vapor. 
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Figure 21: Schematic representation of experimental set-up 

 

B) Low power sources  

    TOPTICA 

The TeraFlash pro by TOPTICA Photonics is a compact table-top time-domain terahertz 

system. With the use of a fiber laser and InGaAs/ InAlAs photoconductive switches, the terahertz 

generation and detection can be achieved. It includes a 1.5 μm fiber laser, a fiber splitter, delay 

stages, driven electronics, power supply and a microcomputer44. The enclosed fiber coupled laser 

generates a beam splitting into two parts after passing through the beam splitter. There is a 

photoconductive InGaAs switch which acts as the terahertz detector or the emitter, where each 

fiber is sent to. Rapid changes in the properties of the material are the key for the terahertz detection 

and generation through photoconductive switches45. A PCA is made up of two metallic electrodes 

having a DC bias, deposited over a semiconductor substrate. The femtosecond laser hits the gap 

between the electrodes, excites electron-hole pairs in the semiconductor. The DC bias creates a 

potential gradient for the generated charge carriers. The charge carriers get accelerated due to this 

gradient thus creating an opposing field in the semiconductor. The excited charge carriers quickly 

recombine with the substrate thus returning the system back to its equilibrium state46. The 

polarization induced by the opposing fields creates a transient current which leads to the generation 

of terahertz radiation. The same manner for the terahertz detection, with the photoconductive 

switches detect the terahertz beam by generating charge carriers which accelerated by the electric 
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field of the incoming terahertz pulse. Non-linear or out of the equilibrium phenomena is observed 

due to the low fields.  

 

Figure 22: Schematic representation of TOPTICA experimental set-up in a) reflection and b) transmission 44 

 

 

3.4 Data Analysis  

In a pulsed THz system, the waveform of THz pulse E(t) represents the temporal evolution 

of the pulse electric field. Through a Fourier transforming of the temporal waveform E(t) we gain 

access to the frequency domain and information about amplitude and phase can be extracted:  

𝑬(𝝎) = 𝑨(𝝎)𝒆−𝒊𝜱(𝝎) = ∫ 𝑬(𝒕)𝒆−𝒊𝝎𝒕𝒅𝒕   (30) 

The temporal evolution of the electric field of THz pulse is shown in Figure 23a and Figure 23c 

as a function of the time delay of the probe pulse, using two of the most common electro-optic 

crystals, a 500 m thick ZnTe and a 100 m GaP crystal respectively. After Fourier transform, the 

corresponding amplitude spectrum is obtained and is presented in Figure23b and Figure 23d. The 

main factors that limit the THz detection bandwidth in electro-optic sampling is the pulse duration 

of the excitation laser pulse and phase matching conditions. A laser pulse can generate THz pulses 

with bandwidth twice that of the laser pulse bandwidth. Also, for laser pulse duration of 35 fs, the 

bandwidth is estimated to be above 60 THz. The limiting factor continues to be proper phase 

matching. Since the frequency extent of the THz pulses is so broad, it is practically impossible to 

select an e.o material that fulfills phase matching requirements for all frequency components. For 

this reason, using ZnTe crystal we can detect within a frequency range reaching up to 3 THz while 

with a GaP crystal the spectral bandwidth is expanding up to 8 THz. 
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 Figure 23: (a) Measured THz field with 100μm GaP crystal, (b) THz pulse spectral amplitude (c)THz electric field 

with ZnTe 500μm, (d) THz pulse spectral amplitude of ZnTe  

The spectral resolution of THz-TDS measurement, δω, is determined by the temporal 

scanning range T. The frequency range of the spectrometer is limited by the response of THz 

source and detector, while mathematically the spectrum is significant with a bandwidth ΔΩ, which 

is related to the temporal sampling interval δt. In general, the bandwidth and spectral resolution of 

a THz-TDS are given by:  

𝜹𝝎 =
𝟐𝝅

𝜯
     ( 31)      , 𝜟𝜴 =

𝟐𝝅

𝜹𝒕
 (32) 

In a THz time-domain spectroscopic system (THz-TDS), the THz beam interacts with the 

sample and undergoes changes depending on the optical, chemical and structural properties of the 

sample are under investigation. In general, there are three main physical effects to be taken into 

account in the measurement process: absorption, transmission and scattering. Absorption is the 

energy transfer from the THz wave to certain modes of sample. The intensity I of a light beam 

propagating through a material obeys the Beer- Lambert law:  

𝑰 = 𝑰𝒐 ∙ 𝒆−𝜶𝒅      (33) 
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where Io is the intensity of the beam prior to propagation through a material of thickness d and 

absorption α. 

The optical characterization of a material in the THz regime is accomplished by measuring 

the electric field Esam(t) of the transmitted THz pulse through the sample and normalizing it to a 

reference electric field Eref(t) without any sample. (See figure 24) 

 

Figure 24: Representation of measuring the reference electric field and the sample electric field in the transmission 

mode 

 

Taking the Fourier transform of the reference and sample electric field we can get the sample 

spectrum  𝑨𝑺(𝝎)𝒆−𝒊𝝋𝑺(𝝎) and reference spectrum 𝑨𝑹(𝝎)𝒆−𝒊𝝋𝑹(𝝎). The spectral properties of 

sample of known thickness d can be extracted by comparing the signal spectrum with the reference 

spectrum. 

The absorption coefficient can be expressed as: 

𝒂 = (
𝟐

𝒅
) 𝒍 𝒏 [

𝟒𝒏

(𝒏+𝟏)𝟐

𝟏

𝑨
]      (34) 

where d is the sample thickness and A= AS/AR. 

The absorbance A(ω) is derived by the following equation: 

                       𝑨(𝝎) = −𝒍𝒏 (
𝑨𝒔(𝝎)

𝑨𝑹(𝝎)
)                        (35) 

where A is the amplitude ratio between the sample and reference spectra.  

The refractive index n is given by the following equation: 

𝒏 = 𝟏 +
[𝜱𝒔(𝝎)−𝜱𝑹(𝝎)]𝒄

𝒅𝝎
    (36) 

where 𝛷𝑠(𝜔) − 𝛷𝑅(𝜔) is the relative phase difference, c is the speed of light in vacuum, d is the 

sample thickness and ω is the radiation frequency 
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4. An overview of Graphene   

Graphene is a 2D crystal of carbon atoms arranged in a hexagonal honeycomb lattice. It 

has a hexagonal honeycomb crystal structure with adjacent C-C atoms bond length of 1.42 Å and 

a constant rotation angle of 120o. Symmetrically, there are two sublattices inside the honeycomb 

lattice47. The valence and conduction band in graphene are smooth sided cones that meet at a point, 

called Dirac point as depicted in figure 25. Graphene has no energy band-gap and readily absorbs 

all photons at any wavelengths. As the high frequency dynamic conductivity is constant, the optical 

absorption of graphene is independent of the wavelength. This is an indication that graphene could 

potentially be used as a saturable absorber with wide optical response to cover all 

telecommunications bandwidths and also the mid-and far -infrared. Moreover, Dirac points are six 

points in the K -area at the edge of the Brillouin zone, divided into two non-equivalent three-point 

sets. The sets are the points K and K’. The electronic structure of graphene is easily derived from 

a tight binding model, resulting in peculiar Dirac cones at the corners of the Brillouin zone. Also, 

graphene is a semimetal because the bands with conical dispersion intersect at the Fermi level. The 

characteristic linear dispersion relation of electrons in graphene in the vicinity of the Dirac points 

makes them behave as relativistic quasiparticles, with zero effective mass48. As a result, the 

electronic and optical properties of graphene are completely different from those of a standard 2D 

electron gas with a massive parabolic dispersion relation, as e.g., Si and GaAlAs heterostructures. 

When graphene is exposed to a strong magnetic field, the massless character of the carrier 

manifests in an unconventional quantum Hall effect47. Graphene electrons can, moreover, 

propagate over large (micrometers) distances without scattering due to the chirality of an internal 

degree of freedom of carriers known as pseudospin. As a result, graphene’s electrons behave as a 

massless Dirac fermion45. 

 

Figure 25: Band structure of graphene47 
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4.1 Optical properties of graphene  

The optical properties of graphene also draw considerable attention. It has been 

theoretically and experimentally verified that graphene can absorb ~2.3 % of the incidence light 

and reflects <0.1 %. (Figure 26)50. In addition, the optical absorption of graphene layers is linearly 

proportional to the number of layers. The absorption of monolayer graphene exhibits a flat 

behavior over a long range, presenting a peak in UV region (~250 nm). Recently, it has been 

predicted that graphene’s linear dispersion properties should lead to strongly nonlinear optical 

(NLO) behavior at microwave and terahertz frequencies. At higher optical frequencies, one can 

also expect enhanced optical nonlinearity because of graphene band structure, because interband 

optical transitions occur at all photon energies48. For pristine graphene, strong saturable absorption 

(SA) and four -wave mixing (FWM) has been found because of the large absorption and Pauli 

blocking.  

 

 

Figure 26: Photograph of a 50-mm aperture partially covered by graphene and its bilayer47 

 

 

4.2 Εlectrical properties of graphene  

Electrical conductivity is simply about "ferrying" electricity from one place to a different 

in a very relatively crude fashion; far more interesting is manipulating the flow of electrons that 

carry electricity, which is what electronics is all about. The electronic properties of graphene also 

are highly unusual. Firstly, the electrons are faster and far more mobile, which unveil the likelihood 

of computer chips that employment more quickly (and with less power) than those we use today48. 

Secondly, the electrons move through graphene a small amount like photons (wave-like particles 

of light), at speeds close enough to the speed of sunshine (about 1 million meters per second, in 

fact) that they behave in line with both the theories of relativity and quantum physics, where simple 

certainties are replaced by puzzling probabilities. which means simple bits of carbon (graphene, in 

other words) may be accustomed test aspects of these theories on the table top, rather than by using 

blisteringly expensive particle accelerators or vast, powerful space telescopes50. 
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4.3 Graphene -as a highly non-linear medium    

Researchers have shown that due to the unique properties of graphene were observed strong 

optical non-linearities in the THz range51, which are useful for high-speed modulators52. In general, 

non-linearity of graphene is related to the transport of free electrons in the applied electric field of 

an incident wave while THz nonlinearities in graphene can come from both interband and 

intraband THz transitions51. Wavelength plays a vital role in exploring inter and intraband carrier 

dynamics in graphene. Due to Pauli-blocking effect, the interband transitions can occur, as long 

as, the exciting photon energy exceeds twice the Fermi-level energy53. These transitions are similar 

to photoexcitation of semiconductors, leading to creation of electron-hole pair. Also, the optical 

and infrared frequencies induce interband transitions whereas in THz frequencies intraband 

transitions appear. Simple considerations show that the interband part in THz range is negligible 

comparing to the intraband part. Such transitions, based on interaction of the incident light with 

electrons around the Fermi surface of graphene, that is free carrier absorption54.  

 Several non-linear processes such as saturable absorption, high- harmonic generation, 

carrier heating, frequency multiplication and impact ionization in graphene have been recently 

reported. To begin with, the main mechanism for various applications such as optical modulators 

and photodetectors is saturable absorption53. For graphene, it has already been demonstrated a 

broadband saturable absorber. Studies have shown that the doping level, the wavelength of the 

laser, the number of layers and the fabrication method of graphene are some parameters which 

influence the value of the saturation intensity. Saturable absorption induces nonlinearity at optical 

frequencies and also has an effect on a decrease of the intraband conductivity of graphene55. At 

THz frequencies, interband response is decided by the carrier density, as we have already 

mentioned that a transition undergoes when carriers excited at twice Fermi-energy. Moreover, 

electron-hole pairs are created in graphene by an absorption of an optical pulse, which thermalize 

all charge carriers within ≈ 100 fs, concluding a transient electron distribution with an elevated 

temperature that is carrier heating54.          

Another non-linear process in graphene is harmonic generation under a strong THz field56. 

In 2008 Mikhailov and Ziegler, analyzed the intraband contribution via the quasi – classical kinetic 

Boltzmann theory, proved odd harmonics generation in graphene due to a sinusoidal excitation 

that can produce a square-wave-like current. Also, in 2012 Ishikawa, used a time domain approach 

in order to analyze the THz harmonic generation57. In the above studies, two conditions were 

demonstrated where nonlinear harmonic generation can occur. First, they predicted that the 

threshold electric field to observe harmonics generation in graphene is from 1 to 10 kV·cm -1, 

something which is easily achievable in devices58. Secondly, the introduction of free background 

electron population in graphene is the key to observe highly THz harmonic generation. These Dirac 

electrons can be brought in by substrate or doping or electrostatic gating which can modulate the 

energy transfer between THz field and graphene through nonlinear intraband conductivity 

mechanism. In 2018 Hafez et al, reported the generation of terahertz harmonics up to the seventh 

order in a single -layer of graphene at room temperature and under ambient conditions., generated 
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via hot Dirac fermions59. So, the unique electronic properties of graphene lead to strong optical 

non-linear processes in the THz regime, important for fabrication of high-speed devices.  

 

4.4 Optical transitions of Graphene  

Graphene has different optical properties from those of semiconductors and metals because 

it has a linear band structure without a bandgap60. In the far-infrared and terahertz spectral bands, 

optical conductivity is widely used to describe these features. Graphene's optical conductivity of 

graphene is also a strong function of temperature and Fermi level. In graphene, there are two 

different types of optical absorption processes51.When light is incident on a sheet of graphene, 

there is a probability that an electron absorbs a photon and makes a transition to a state of higher 

energy. For an intraband absorption process, the initial and final states of the electron before and 

after it absorbs a photon are in the same band; for an interband absorption process, the two states 

are in different bands61. 

The two processes: intraband absorption, in which carriers from the conduction (or 

valence) band are excited or heated by incoming radiation, and interband absorption, in which 

electrons in the valence band are promoted to the conduction band through photon absorption, can 

be used to explain the optical properties of graphene, particularly in the THz regime62. Intraband 

absorption (also known as Drude absorption or free carrier absorption) only occurs when the 

graphene is electrostatically doped. On the other hand, interband absorption only occurs if there 

are both occupied states in the valence band and unoccupied vacant states in the conduction band 

with the same momentum k. If the destination of conduction band states are filled, because of the 

electrostatic gating, interband transition is forbidden by the Pauli exclusion principle. For 

frequencies ħω< 2|𝑬𝑭|, where EF is the Fermi energy, Pauli blocking occurs in graphene, and 

intraband transitions are the main optical process for this range of frequencies61,63-64. Graphene has 

a linear response in low THz fields, where its optical conductivity behaves in a Drude-like 

behavior. The optical conductivity at these frequencies is highly dependent on the Fermi level of 

graphene. 

The conductivity of graphene is given by the Kubo formula and can be written as a sum of 

two terms, σintra, describing the intraband response, and σinter, describing the interband transitions 

with65  

𝝈𝒊𝒏𝒕𝒓𝒂(𝝎) =
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where the function H reads  
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𝑯(𝝎) =
𝒔𝒊𝒏 𝒉(

ħ𝝎

𝒌𝑩𝑻
)

𝒄𝒐𝒔𝒉 (𝑬𝑭/𝒌𝑩𝑻)+𝒄𝒐𝒔𝒉 ((ħ𝝎/𝒌𝑩𝑻)
    (39) 

ω is the angular frequency, ħ the Plank constant, kB the Boltzmann constant, e the electron charge, 

τ the electron relaxation time and T the temperature.  

 

Figure 27: (a)Interband and (b) intraband absorption mechanisms in graphene66 
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5. Modulators   

5.1 THz modulators  

High performance THz modulators are desired in many fields such as THz imaging and 

THz communication. For this, terahertz modulator is growing into one of the basic devices in THz 

wireless communication systems, particularly within the landscape of the fast-emerging 5G and 

6G technologies67-68.  A key for high-speed communication using THz wave is quick and efficient 

amplitude and/or phase modulator which is used to encrypt information in the carrier wave. In 

addition, THz modulators based on different materials and structures in order to achieve large 

modulation depth, wide modulation bandwidth and fast modulation speed69. Based on the physical 

quantity they control, modulators can be categorized as for example amplitude, phase, pulse length 

and shape, spectrum or by the method or system of materials used to modify the wave.  

In the past, all optical modulation of electromagnetic waves has been achieved using 

semiconductors.  Typically, a laser pulse illuminates the semiconductor generating free carriers 

for time a period associated with the recombination time (τ). The plasma frequency is above 1THz. 

At that point, the surface looks “metallic” acting like a reflective surface for time scales up to t=τ. 

THz wave is incident on this high reflectivity area which is thus modulated. This technique has 

been used to create THz modulators70, 71. The modulation behavior propagated through materials 

because of the changes of materials complex refractive index or dielectric constant that affected 

by the carrier concentration. As well as, carrier concentration can be altered by diverse fields, THz 

modulators can be categorized as electrically, optically and thermally driven modulators and so 

on. Electrical and optical modulations are the most commonly used for amplitude and phase 

modulation. With the use of THz modulators, we can achieve large modulation depth, fast 

modulation speed and wide modulation bandwidth. 

Electrically driven THz modulators: 

The modification of an electrical driven THz modulator is based on directly changing the 

device geometry electro-mechanically or by modifying some materials properties such as surface 

optical conductivity72. In these modulators, the transmittance of the incident THz radiation can be 

tuned by electronically tuning the conductivity of the frequency selective surface. Moreover, 

efficient modulation can be achieved using meta-material structures in this kind of THz 

modulators, where the modification of conductivity and subsequent absorption of free carriers in 

a small semiconductor active region located between a periodic metallic pattern. An example is a 

frequency selective surface structure with a remarkable control of the terahertz transmission with 

80% modulation depth at frequencies near to the structure specific resonance73.  

Optically driven THz modulators: 

In this kind of modulators, an external laser source is required in order to induce 

modulation. The repetition rate of the laser is a few kHz for the pulse energies required for giving 

a satisfactory depth of modulation. So, the repetition rate in many of these devices restricts the 

modulation speed rather than the inherent device speeds. Because of this, using this form of 

modulators to create small compact systems is challenging. The two different types of optically 
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driven modulators are based on photonic crystals and metamaterials, respectively. They have same 

working mechanism with electrically driven modulators. The optical Kerr effect is utilized in 

photonic crystal-based modulators to alter the refractive index of waveguide, which alters 

absorption and THz transmittance.   

Thermally driven THz modulators: 

Thermally driven modulators have the inherent drawback of being able to operate only at cryogenic 

temperatures although they can produce decent modulation. This limits the way it can be integrated 

in compact systems. There is a variety of demonstrations of thermally THz modulators based on 

semiconductors or metal oxides74 special insulator materials with metallic phase transition75, or 

superconductors, considering its THz characteristics can significantly vary with cooling76 .Even 

normal semiconductor materials can be employed as terahertz modulators because carrier density, 

and therefore conductivity, is a strong function of temperature.  

5.2 Metamaterials in THz regime 

In recent years, various research efforts have been done to fill the terahertz gap, attempted 

by developing devices that work in THz regime such as emitters, detectors, filters, absorbers and 

modulators. Researchers proved that one remarkable way to manipulate electromagnetic waves is 

via metamaterials which promise a combination of effective permittivity and permeability values 

that are uncommon in natural materials77. Importantly, metamaterials play a vital role in terahertz 

regime as they break the natural material limitations. The structure of these devices is artificial 

such as metasurfaces. Metasurfaces are electromagnetically ultrathin artificial materials with 

macroscopic properties defined by the architecture of the building blocks, the meta-atoms78. 

Adjusting the meta – atoms enable to control over different aspects the electromagnetic waves and 

the realization of unusual electromagnetic functions. Within this framework we present various 

groups of the metasurface configurations incorporating different constituent materials. 

 

5.2.1 Metamaterial Perfect Absorbers  

Metamaterial Perfect Absorbers (MPA) have become one of the most promising platforms 

in attempts to achieve perfect absorption. They are designed to absorb all of the incident light at 

their design frequency. Typically, absorbers consist of two metallic layers separated by a dielectric 

space. The top metallic layer links with an external incident electric field to customize the electric 

response, while the top metallic layer and metallic ground plane or metallic wires work together 

to modify the magnetic response79. Both, electrical and magnetic response can be modified by 

altering absorbers shapes and geometrical parameters. Especially, in terahertz regime a perfect 

absorption can be obtained by thin metasurface-based absorbers, and high absorption is derived 

through impedance matching of the environment and dielectric loss at and around the resonant 

frequencies80.   

Many approaches have proved that a good candidate material for the design of a 

metasurface tunable THz perfect absorber is graphene. In bibliography, there are many complex 
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structures for how a graphene-based THz absorber can be designed. First, Su et al, demonstrated 

an ultra-thin terahertz metamaterial absorber based on graphene/MgF2 multilayer stacking unit 

cells arrayed on an Au film plane81. Another structure was by Zhang et al. where a graphene-based 

broadband tunable absorber consisted of a periodic array of a dual electric LC metamaterial unit 

fabricated on a multilayer structure composed of Au/BaF2/graphene materials from the bottom to 

the top82. Also, Liu et al, designed a broadband terahertz absorber based on singular graphene 

patches metasurface and metal backed dielectric layer83. In all researches, they designed a complex 

graphene-based absorbers for total absorption and modulation effect. Nevertheless, there are 

simple structures to design a graphene-based THz absorber which consist of a single-layer 

graphene placed on ionic liquid substrate, back-plated by a metallic back-reflector.  

 

5.2.2 Principle of Absorbers 

THz absorbers can be categorized as broadband and narrowband absorbers84. The first are 

based on subwavelength surface structures that minimize surface reflection from the top of lossy 

substrate materials, resulting in perfect absorption at frequencies higher than the lower cut off 

frequency of 0.7 THz85. On the other hand, narrowband absorbers are mostly based on frequency 

selective metamaterials consisting of periodic, resonating metal structures. With the combination 

of metamaterials on the top of the cavity and with the reflector on the back, a metamaterial absorber 

is capable of frequency-selective absorption in the multiband THz frequency range. Moreover, 

classical examples of narrowband absorbers are Dallenbach, Jaumann and Salisbury absorbers. 

The Dallenbach perfect absorber consist of a homogeneous lossy dielectric layer on top of a 

metallic ground plate. The thickness of the layer and its material properties like permittivity and 

permeability, have to be carefully chosen such that the reflected light is totally suppressed via 

impedance matching. The layer thickness of a Dallenbach is close to quarter wavelength in the 

dielectric, so that the input impedance is real. The loss tangent of the dielectric is chosen so that 

the input resistance is matched with the free-space impedance 86. In contrast, the Salisbury perfect 

absorber consists of a resistive sheet on top of the metallic ground plate separated by a dielectric 

spacer as shown in figure 28. This absorber relies on the absorption in the resistive sheet. The 

refractive index of the dielectric spacer plays an important role on choosing the thickness of the 

layer. The basic principle of the Salisbury absorber based on destructive interference of the 

reflected ray and a suppression of the transmitted light 84,85. Finally, the designs of the Salisbury 

and Jaumann absorber are almost similar where the Jaumann absorber employs metal-dielectric-

metal layers. However, in the Jaumann absorber, the dielectric layers after the metallic ground 

plate are repetitively stacked with varying dielectric layer thickness. Each of these dielectric layers 

is particularly tuned to absorb specific wavelengths85. 
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Figure 28: A representation of Salisbury screen absorber86 

The simple structure for a perfect absorber would be a homogeneous absorbing medium in 

contact with air. It is a structure which has a zero-reflection and transmission coefficients for 

normally at one given frequency. The absorbing medium should have both absorptions, the wave 

impedance of unity to match the impedance of air and the imaginary part of refractive index. In 

the case there is an impedance mismatch, there is always a reflection which is undesirable for a 

perfect absorber. Αlso, for a perfect absorber with unity absorption A,  reflection R and 

transmission T should be minimize.  The absorption A is given by: A= 1-R-T, the transmission is 

easily minimized by utilizing a metallic back plate. The reflectivity of an incident electromagnetic 

wave normal to a metamaterial absorber is given by:  

 𝑹 = |
𝜡(𝝎)−𝜡𝟎(𝝎)

𝜡(𝝎)+𝜡𝟎(𝝎)
|

𝟐

     ( 40) 

where Ζ(ω)=√𝝁(𝝎)𝝁𝟎/𝜺(𝝎)𝜺𝟎  is the impedance of the metamaterial absorber and 𝜡𝟎 = √𝝁𝟎/𝜺𝟎 

is the impedance of free space. The condition of the reflectivity to be zero is Ζ(ω)= 𝛧0(𝜔). Also, 

the condition μ(ω)=ε(ω) should be satisfied. For all materials μ=1 due to there are no 

natural magnetic materials in optical regime. Finally, by tuning the electric permittivity 

ε(ω)and the magnetic permeability of metamaterials, allow us to reach perfect absorption at 

a certain frequency by impedance matching with free space87. 

 

Coherent Perfect Absorption (CPA) 

The absorption of electromagnetic energy of a conductive material can be enhanced due to 

interference between the incident and reflected waves43. It is possible for a device to perfectly 

absorb an incident electromagnetic wave if all the wave components scattered by the device 

destructively44. Coherent perfect absorption (CPA) has become a popular research topic due to its 

potential use in nanophotonic applications like optical modulators, sensors and optical switches. 

In order to achieve perfect absorption, we will introduce the use of two simple structures. The first 

structure is a single mode resonator which can perfectly absorb the input wave when the critical 
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coupling condition is satisfied. The second structure consists of a thin absorbing sheet (e.g., 

graphene) and a dielectric spacer on top of a thick metal layer. 2D materials such as graphene, 

provide further tunability in the CPA response through controlling their doping level by using 

appropriate gating voltage configurations. The optical absorption in graphene at optical 

wavelengths is 2.3 % whereas in long wavelengths such as THz and microwave, the absorption 

can be increased at 50% when the surface impedance of graphene (ZG) matches half of the free 

space impedance, ZG=1/σ(ω) =Z0/2 where Z0 is the free space impedance matching and σ(ω) the 

optical conductivity.  

In order to achieve coherent perfect absorption, we need to define the correct thickness of 

the cavity in order to achieve destructive interference. In graphene, the electric field is maximized 

and extensive modulation of absorption is possible when the substrate optical thickness is an odd 

multiple of a quarter wavelength. In contrast, the electric field in graphene disappears and there is 

no absorption when the substrate optical thickness is an even multiple of a quarter wavelength. For 

example, the first absorption band of Fabry Perot occurs at λ/4. 

The total perfect absorption can be calculated from the complex transmission and reflection 

as  

𝑨 = 𝟏 − |𝒓|𝟐 − |𝒕|𝟐     (41) 

Since the ground plane is completely opaque, it is safe to assume that t=0, and in order to obtain 

maximum absorption, |r| must be minimized. As we mentioned in previous sections,  the 

metamaterials absorbers’ characteristics can be tuned in order to optimize the impendance 

matching with air and minimize reflections 

 

5.3 Graphene-based THz absorbers      

In the quest of achieving the necessary tunability to efficiently undertake THz modulation, 

various materials and devices have been explored, such as diodes88, phase matching materials89, 

bulk semiconductors, two-dimensional materials and more90. One of the most promising such 

materials is graphene, whose unique mechanical and optical properties stand in the center of the 

research attention in recent years91.  So far graphene has been used into a plethora of opto-

electronic THz components controlling both propagating and localized surface plasmons from 

waveguide modulators91, emitters and detectors for terahertz radiation93 and metasurfaces with 

exotic functionalities. Additionally, graphene is expected to play a key role in space-time-

modulation, which further expands the wave interaction impact 94-96. 

Graphene, as a 2-dimensional semiconductor material, exhibits a Drude-like response in 

the THz part of spectrum, due to its easily created and controlled free carriers. Electrostatic or 

magnetic field tuning, as well as chemical doping, can be used to modify the material’s optical 

properties97. Specifically, chemical doping tuning the electronic properties of graphene by 

controlled doping with holes or electrons. An example of this method in graphene is via HNO3 

which is a p-type dopant for carbon-based nanomaterials such as carbon nanotubes and graphite. 

Between carbon atoms NO3
- molecules so that the Fermi level is shifted and the carrier 
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concentration increases leading to an increase in the conductivity of graphene film. As long as, 

with electrostatic gating is observed modification of Fermi level and charge carrier density98. 

Additionally, graphene optical response can be modified in an ultrafast manner; hot electrons 

driven by the excitation by optical pulses can lead to a sub-ps transient modulation of its 

conductivity99. Similar effects are observed under the intense THz pulse excitation, where hot 

carrier effects dominate the response. In fact, graphene is considered to be a particularly highly 

nonlinear material at THz frequencies64. The nature of this nonlinear response has been related to 

the collective thermodynamic response of the background Dirac electrons under the application of 

intense THz fields, resulting in THz-induced carrier heating. Many interesting nonlinear features 

of graphene have been observed, which may be further facilitated by the rapid development of 

high-power THz sources100-102. Experiments have shown that the emission of THz induced high 

harmonics68, graphene plasmon nonlinear absorption103, saturable absorption,104 and the electric 

tunabilty of the graphene’s nonlinearity.105   

5.4 Ways to modulate a THz modulator  

Several methods have been reported in literatures to make a graphene absorber tunable. 

Most known techniques are through electrical and optical modulation106. Electrical modulation 

first alters the incident THz waves amplitude by controlling the concentration of electrons in the 

substrate materials or structures using bias voltage. In 2016, Kakenov et al, demonstrated a new 

type of tunable THz cavity which enables them to observe tunable coherent perfect absorption 

(CPA) 107. THz cavity formed by a large area graphene layer, a metallic reflective electrode and an 

electrolytic medium in between. They proved that with this device conformation can be designed 

flexible active THz surfaces with voltage-controlled THz reflectance and are allowed direct 

measurement of Fermi energy107.  

Furthermore, optically tuned THz modulators are the other route for modulating THz 

waves. When an optical excitation, is applied on the surface of graphene structure, large density 

of carriers is generated and diffused into graphene, which leads to conductivity charge of graphene 

and also transmission of THz signal. In 2019, Tasolamprou et al, reported an ultrafast absorption 

modulation in a graphene-based thin film absorber. It consisted of a uniform CVD grown graphene 

sheet on an SU-8 dielectric substrate that is grounded by a metallic ground plate. They observed 

an enhancement of absorption due to coherent interference of the impinging and reflected waves 

where they are in phase at the lossy graphene sheet. The modulation of THz absorption is achieved 

by applying an optical pump signal modifying the conductivity of graphene. This phenomenon is 

associated with hot carriers’ generation, an increase of temperature and a dominant increase of 

scattering rate over the carrier concentration108.  

Taking into account the results of these experiments, along with the highly non-linear 

response of graphene at THz frequencies, the aim of this master thesis is to research if we could 

modify a THz absorber in a non-linear way using the interaction of intense terahertz waves in a 

graphene-based modulation device109.  
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6. Experimental part: Materials, Results and Discussion    

 

6.1 Samples 

 

In this work, we used three different graphene-based devices which consisted by a thick 

porous membrane with thicknesses 25μm, 50μm and 75 μm as cavity layer, sandwiched between 

a chemical vapor deposition (CVD) grown single layer graphene as the top electrode and a gold 

electrode as a back reflector. In Figure 29, it is shown the graphene absorber device. The porous 

membrane was soaked with room-temperature ionic liquid electrolyte (DEME-TFSI) that allowed 

us to fine tune the Fermi energy of graphene with external gating between the graphene layer and 

the grounded gold electrode.  

 

Figure 29: Graphene absorber device 

 

6.2 Experimental Measurements 

In the following figure (Figure 30), we demonstrate an electrically gate-tuned graphene-

based Salisbury screen device. A basic Salisbury screen design, where a homogeneous graphene 

sheet is placed on top of a dielectric substrate, back-plated by a metallic back-reflector, can 

produce a modulator with tunable and almost unity (perfect) absorption. If there are no losses in 

the dielectric layer and the metallic plate reflects light almost perfectly, the only source of losses 

in the cavity is the graphene sheet. Only a small portion of the impinging wave is absorbed by 

graphene in a freestanding form (i.e., without the back-reflector). The operation principle of a 

modulator is a coherent interference of two propagating waves, incoming and back-metal reflected 

wave on the graphene sheet for perfect absorption realization. 
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Figure 30: Schematic representation of the graphene absorber structure.   

By applying voltage between the graphene layer and the grounded back gold electrode, the 

Fermi level of the graphene and hence the carrier density can be dynamically controlled with a 

corresponding change of surface conductivity of graphene. This modified optical conductivity is 

translated into variation of the complex permittivity of the atomically thin graphene layer, which 

is turn results in changes to the transmitted terahertz wave through the metamaterial. Due to the 

nature of the growth and transfer processes, the graphene layer is positively doped when no voltage 

is given to the device. Without any electrostatic gating, the doping level is enough to satisfy the 

coherent perfect absorption conditions.  

Figure 31 shows a schematic representation of graphene-based absorber under a bias 

voltage that polarizes the ionic liquid in the membrane, electrostatically dopes the graphene layer 

and alters the conductivity. By applying bias voltage on the single layer of graphene, carriers are 

gathered at a specific area. Whereas, the addition of the ion gel between metal and graphene made 

it possible for carriers to be uniformly allocated to the whole graphene area. So, ion gel, the most 

effective dielectric with high capacitance is used to control the Fermi energy of graphene. Because 

of its good mechanical flexibility, excellent electrochemical and thermal stability, ion gel can be 

compatible with tunable graphene plasmonic devices on various substrates112.  

 

Figure 31: Carriers’ formation through applying voltage in graphene cavity 
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6.3 Electrical Measurements  

Many studies have shown an electrically tunable coherent perfect absorption (CPA) of 

terahertz radiation in graphene110. Fan et al, predicted that a highly doped monolayer graphene 

which Fermi level is close to 1 eV, can absorb 100% of THz radiation111. THz absorption can be 

controlled efficiently by electrical means by varying the doping level. Under the same concept it 

was experimentally shown that, our samples gave us the opportunity to measure directly the Fermi 

energy of graphene by varying the applying voltage and observing the absorption behavior. So, we 

demonstrated flexible active THz surfaces with voltage-controlled THz reflectance.  

For the electrical measurements, we used a THz cavity consisted by single-layer of 

graphene placed on ionic liquid substrate, back-plated by a metallic back-reflector. During the 

experiments, we applied gate voltage to our samples by connecting voltmeter to the electrodes of 

our sample (red cable to the bottom electrode and black goes to graphene which is grounded) and 

used different experimental methods (low and high-power system and TOPTICA). Finally, we 

measured the reflectivity spectrum of graphene-based absorber under different bias voltage.  

 

i) Using a Low Power THz source 

For the linear characterization of the samples, we adopted a THz system based on photoconductive 

antennas from TOPTICA. The system delivers 50 fs pulses at 1560 nm central wavelength. The 

optical pulses are split into two parts: one used for detection and other for generation. 

Photoconductive antennas are used for both detection and generation. Τwo pairs of parabolic 

mirrors are used to guide the terahertz pulses from the emitter to the sample and then to the 

detector. The time delay between the THz and optical pulse on the detector can be adjusted by a 

mechanical delay stage changing the beam paths lengths.  As a function of time, the electric field 

amplitude and phase of the THz waveform can be mapped out by scanning the delay stage. Finally, 

the whole setup is enclosed in a purged gas (e.g., N2) chamber for eliminating THz absorption 

from water vapor.   

In these experiments we aimed to electrically characterize the samples under study. In detail, we 

measured the reflected THz electric field of the graphene-based absorber under different gate 

voltages for three different thicknesses 25μm, 50 μm and 75 μm, as shown in figure 32. By 

comparing the THz electic fields for the different thicknesses, we come to the conclusion that there 

is a dependence on Fermi level and that the corresponding wave function’s shape changes with 

thickness due to the reflections from different levels.   
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Figure 32: THz electric field of the cavity under different voltage 

 

Then, we tried to identify the charge neutral point (CNP) by looking for the minimum reflectivity 

of the graphene layer by recording the first peak amplitude of the THz electric field coming from 

the first surface of the sample (the graphene layer). CNP is equal to the Dirac point with same 

number of holes and electrons at graphene. In Figure 33, we plot  the THz electric field as a 

function of gate voltage for three different thicknesses, 25μm, 50 μm and 75 μm. First, the sample 

with thickness 25μm has the Dirac point  at 1.5 V , the Dirac point of 50μm is 0.9  V and 1.4V is 

the Dirac point of 75μm. For all thicknesses the Dirac point is used as a reference for our analysis.  
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Figure 33: Reflectivity at the graphene layer under different gate voltage 

Figures 34 a,b,c show the measured reflectivity spectra from the cavity under different bias 

voltages and thicknesses. In Fig.34 (a), the membrane thickeness is 25 μm and the incidence angle 

is 8o  and we observe a resonace at 2.4 THz. Respectively, in Fig.33 (b) with membrane thickness 

50μm, we observe two resonances at 0.9 and 3.1 THz and in Fig.33 (c) with membrane thickness 

75 μm we observe multiple resonance absorption peaks at 0.5, 1.8 and 3.2 THz.To maximize the 

absorption, we need to  minimize the reflection from the top surface and achieve constructive 

interference of the incident and reflected wave at the graphene sheet.  

In Figure 34 (c) in the range between 0.9 to 1.2 THz, we observe a reverse behavior of the 

resonance which hasn’t been fully studied. In the literature, researchers name this behavior as 

antiresonances. Especially, at antiresonance the intensity inside the cavity is always smaller  than 

the incident intensity.So, we obtain no bandwidth liminations and no absorption condition. 
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Figure 34: Reflectivity spectrum of the cavity at different bias voltage a) 25μm b)50 μm c)75 μm 

ii) Using a High-power THz source  

In a step further, we investigated the electrical response of the samples in a powerful THz time 

domain spectrometer (THz-TDS) which is based on two-color filamentation of ultrashort laser 

pulses in air and operates in reflection mode109. It uses an amplified kHz Ti: Sapphire laser system 

delivering 35 fs pulses at 800nm central wavelength and a maximum energy of 2.3 mJ per pulse. 

The most intense part of the initial beam is focused in ambient air after partial frequency doubling 

in a beta-barium-borate (BBO) crystal to produce a two-color filament and, subsequently, THz 

radiation (>200 kV/cm). The emitted THz pulses are focused at the sample and after being reflected 

are guided to the detection stage. Another part of the initial beam is used to excite the sample in 

an IR-pump/THz-probe configuration. The angle of incidence of the THz beam on the sample is 

equal to 45o, while the pump beam illuminates at normal incidence. For the detection of the THz 

pulses, we have chosen electro-optic detection in a 100 μm thick gallium phosphide (GaP) <110 > 

crystal. The detection crystal was optically contacted to a 2 mm thick GaP <100 > crystal in order 

to avoid any Fabry-Perot spectral oscillations, extending the available window to 12 ps. The whole 
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experimental set up is enclosed in a purge gas chamber to avoid water vapor absorption of the THz 

radiation, and all measurements are performed at low levels of humidity. 

 

    We recorded the THz electric field of our cavity under different voltages, from -6 V to 5.5 V. 

We followed the same procedure as the measurements with the low power THz system in order to 

identify the charge neutral point (CNP) and the Dirac point which is the reference.  In figure 34, 

we present the THz electric field after being reflected from the cavity for different voltages. We 

observed two different peaks because we had a very high bandwidth of the THz pulses and we 

clearly distinguished the two layers of the cavity. So, the first peak came from graphene layer at 

0.01 ps and the second one came from metal at 1.1 ps.  

 

Figure 35: THz electric field of the cavity under different voltage  

We concentrated on the graphene layer by recording values as a function of value of electrostatic 

gating, and as a result we can get the following graph depicted in figure 35. The THz reflectance 

of the graphene layer is sensitive to changes of the conductivity, so we used this graph in figure 

36 to estimate the Dirac point which is at 5 V. So, by changing the Fermi level we can strongly 

affect the reflectivity of the device.  
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Figure 36: Reflectivity at the graphene layer under different gate voltage 

 

Figure 37 shows the measured reflectivity spectrum of our device under different bias. We 

observed three resonances at 1.3, 2.3 and 3.2 THz frequencies. The biggest reflection is from the 

first resonance dropped down to 0.2. Perfect absorption didn’t take place.  Comparing the low and 

high THz source as depicted in figure 38, we observed that perfect absorption conditions 

demonstrated in the low power THz source could not be achieved under the illumination of these 

THz pulses indicating a THz induced disturbance of the perfect absorption conditions. Something 

that shows us, that it is a non-linear behavior that will be investigated with further measurements 

in the next section.  
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Figure 37: Reflectivity spectrum of the cavity at different bias voltage  

Figure 38: Compare low with high THz source 

 

6.4 High-power THz Non-linear measurements  

In order to study why we could not achieve the perfect absorption conditions under the excitation 

of intense THz fields, we developed a more powerful THz system. It is again based on two-color 

filamentation scheme, however in this setup we could focus the THz beam strongly on the sample 

increasing this way the incident THz field strength to values up to 700 kV/cm. The THz beam 

illuminates the sample at an angle of 16o with a TM (transverse magnetic) polarization. During the 
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experiment, we controlled the strength of the THz field on the graphene sample with a pair of wire 

grid polarizers. The device was characterized in the range of field strengths between 102 and 654 

kV/cm.  

Figure 39 shows normalized measured THz electric fields for the cases of the lowest and 

highest available THz field strengths. Due to the high bandwidth of our THz-TDS system we are 

able to resolve both reflective interfaces of the device that manifest themselves as two distinct 

peaks on the THz field: the first one at -0.25 ps originating from the reflection of the THz pulse 

on the graphene layer and the second one at 0 ps originates from the back reflector as it is shown 

in Figure 39 (b). The outcome of figure 39 (a), shows as the THz field strength increases, we record 

a drop on the THz reflectivity of the graphene layer compared to the one from the gold back 

reflector. This indicates a THz-induced negative photoconductivity on the graphene layer. 

Additionally, we observe an overall modulation of the THz electric field shape indicating also a 

modulation of the THz field shape indicating also a modulation of the THz field phase. 

  

 

 

Figure 39: a) Normalized THz electric fields in the case of 102 KV/cm and 654 kV/cm, b) Schematic representation 

οf the formation of the THz filed shape after its reflection on the graphene sample, c) THz reflectivity of the gated 

graphene layer alone, as a function of both THz field strength and the Fermi energy level, defined by the gating 

voltage. All curved are normalized to the response at the CNP of graphene indicated with dashed line at 1.4 V  

The nonlinear behavior is depicted more clearly in the electrical response of the graphene 

layer in the presence of the external electrostatic gating. Moreover, we measured the THz 

reflectivity variation only of the graphene layer by recording the peak of the THz electric field that 

corresponds to the graphene layer (time=-0.25 ps) as a function of the gate voltage. Figure 39 (c) 

shows the reflectivity variation for different incident peak electric fields in the range of 102 to 654 

kV/cm. All curves are normalized to the charge neutral point of graphene (dashed line at 1.4 V) 

defined as the gating voltage, at which the graphene resistance becomes maximum and, 

consequently, the THz reflectivity becomes minimum due to the increased transmission. We 
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observe that the graphene THz reflectivity induced by the gating voltage depends nonlinearity on 

the THz field strength. At low THz fields, we record a modulation of the THz reflectivity up to 

50% at 0V. However, at high THz field strengths, this modulation drops to 10%.  

The THz-induced photoconductivity modulation, is expected to impact the absorption and 

phase characteristics of the whole device. The following measurements were performed at 0V 

where the maximum modulation on the graphene reflectivity was observed. At Figure 40 (a) and 

(b) are shown the normalized reflectance at CNP and the associated phase spectra of the device for 

different THz field strengths. At low THz field strengths our device operates at perfect conditions, 

presenting a resonance at frequency f=2.33 THz defined by the device design and the angle of the 

incidence of the THz radiation. The reflectance of the device at this frequency drops down to 

9.2·10-5. However, as the THz field strength increases, the perfect absorption conditions are 

disrupted and the reflectance of the device increases to 0.57 for the maximum available THz field 

strength. This corresponds to a THz-induced absorption modulation of more than 3 orders of 

magnitude.   

Furthermore, a slight red shift of resonance with increasing THz field strength is observed. 

In figure 40 (b) we observe also a significant phase modulation at frequencies around the resonance 

(region between dashed lines in figure b). We recorded an absolute THz-induced phase modulation 

of 130o. This large phase modulation is responsible for the THz pulse reshaping when the THz 

field strength scales up. In order to exclude any nonlinearities induced by the intense THz fields 

on the ionic liquid substrate, we investigated separately a similar sample without the graphene 

layer and we did not observe any THz nonlinear response (see figure 41). 

 

Figure 40: Experimentally measured reflectance (a) and phase (b) spectra for the cavity under various values of THz 

field strength in the range of 102-65 kV/cm. All spectra are normalized at the CNP  
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Figure 41: Experimentally measured reflectance of a sample without graphene layer   

With the assistance of A. Tasolamprou and S. Doukas, we understand the origin of the 

observed nonlinear response performing a detailed modeling of the graphene’s response to THz 

excitation. Figure 42 shows a schematic representation of this non-linear response. After the 

absorption of the incoming THz radiation, graphene carriers thermalize in an ultrafast time scale 

(~20 fs).113,114. Heat dissipation occurs in a much lower (~ps) time scale via emission of optical 

phonons 115,116 and disorder- assisted super collisions 117,118. This leads to accumulation un the 

graphene carrier bath, raising the electronic temperature, Te. The elevated Te results in a reduced 

graphene chemical potential due to net carrier density conservation (i.e., ne (μ, Te) -nh (μ, Te) = 

const, where ne (μ, Te) and nh (μ, Te) are the graphene electron and hole densities, respectively and 

μ is the graphene chemical potential119, and a broadened Fermi-Dirac distribution of graphene 

carriers. This reduces the intraband transitions, as explicitly evaluated by the Kubo formula119 

leading to a reduced intraband conductivity 120,121 and thus, to a reduced THz absorbance of 

graphene.  

  In order to quantitively describe the above graphene carrier and temperature dynamics are time 

integrated using a fourth- order Runge Kutta method (4RK)119. To do so we assume a two-

temperature model 119,122  

 

𝒄𝒆
𝝏𝑻𝒆

𝝏𝒕
= 𝒂𝑺𝑳𝑮(𝝎, 𝑻𝒆)𝑷𝒊𝒏(𝝎, 𝒕) − 𝑱𝒆−𝒑𝒉(𝑻𝒆, 𝑻𝟏)   (42) 

 

𝒄𝟏
𝝏𝑻𝟏

𝝏𝒕
= 𝑱𝒆−𝒑𝒉(𝑻𝒆, 𝑻𝟏) − 𝜞𝑺𝑳𝑮−𝒔𝒖𝒃(𝑻𝟏 − 𝑻𝒔𝒖𝒃)    (43) 



55 
 

where ce and c1 are the electronic and lattice graphene thermal capacities, Te and T1 are the 

graphene carrier lattice temperatures which are generally different, aSLG (ω, Te) is the graphene 

absorption which depends on Te and light frequency ω, Pin (ω, t) is the input power density of the 

THz source, Je-ph (Te, T1) is the thermal current density from the electron to the phonon bath, 

𝚪𝐒𝐋𝐆−𝐬𝐮𝐛≈20MW m-2K-1 is the cooling rate of the graphene lattice into the substrate, and Tsub is 

the substrate temperature.  However, it is discovered that the overall linear relationship with carrier 

energy occurs at the high Fermi levels (0.2 eV) and substrate supported graphene with low (104 

cm2/ (V s)) mobility utilized in our study. 120,123. The description of conductivity variations caused 

by carrier heating has also been successfully applied using this linear scale. 100,121 

 
Figure 42:  Schematic representation of graphene carriers upon heating following THz excitation  

With the theoretical approaches, we observed a similar behavior with the experimental findings. 

Figure 43 (a) shows the reflectance spectra under different THz field strengths. As the THz field 

increases, so does the calculated reflectance presenting also the characteristic red shift of the 

resonance observed in the experiment. This absorption resonance is due to critical coupling of light 

into Fabry- Perot cavity formed by the graphene reflector and the back mirror and is sharper in 

theory compared to experiment. The latter is explained by inhomogeneous broadening caused by 

the substrate thickness and changes in graphene doping across the measuring spot size. At 

frequencies far from resonance, on the other hand, an antiresonance is expected, where the total 

reflection of the graphene-mirror system is larger than the reflection at CNP (where graphene is 

not reflecting) and thus normalized reflectance reaches above unity. This behavior is observed only 

in theoretical spectra due to the aforementioned inhomogeneous broadening. In figure 43 (b) we 

plot the minimum reflectance as a function of peak THz field strength, alongside the experimental 

results. Finally, is a good agreement between experiment and theory looking the final results for 

the resonance reflectance modulation.  
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Figure 43:  a) Reflectance spectra for different THz field strengths as calculated from our model. All spectra 

normalized at CNP b) Experimental and calculated minimum reflectance of the proposed device as a function of THz 

field strength 

Finally, we can learn more about the carrier temporal dynamics during the THz excitation.  

Especially, in figure 44 (a), we can see the temporal evolution of carrier temperature during and 

shortly after the THz excitation. In figure 44 (b), we plot the respective temporal evolution of the 

real part of intraband conductivity (which is directly proportional to THz graphene absorbance) at 

the resonant frequency. This elucidates the near instantaneous thermalization of graphene carriers, 

in combination with their progressive cooling, leads to vanishing conductivity at higher THz field 

strengths. The latter is the source of the nonlinear absorption modulation observed in this work. 

Furthermore, we observe that the overall phenomenon occurs on the subps time scale, illustrating 

the ultrafast nature of the observed modulation. 
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Figure 44:  a) Calculated temporal evolution of (a) graphene carriers’ temperature and (b) real part of intraband 

conductivity at the resonant frequency  
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7. Conclusions  

In summary, in this work we demonstrated an electrically THz cavity with three different 

thicknesses by sandwiching a thick porous polyethylene membrane containing a room temperature 

ionic liquid electrolyte between graphene and a gold electrode. With this device configuration we 

measured directly the Fermi level under a bias voltage.  First, we did measurements to identify the 

Fermi level with low and high-power THz sources. Perfect absorption was achieved only when 

using a low THz power source. Some of the results are comparable with those that have already 

been published, while others are presented in this work for the first time. So far, we have proved 

that our graphene-based Salisbury screen perfect absorbing device can be self-modulated in terms 

of its absorption properties. In our experiments, we observed an absorption modulation of more 

than 3 orders of magnitude and an absolute phase modulation of 130o when the THz field scaled 

from 102 to 654 kV/cm. We have demonstrated that the irradiation of intense THz fields, results 

in heating of the graphene’s carriers and a subsequent decrease of its chemical potential and 

intraband conductivity, while the phenomenon last less than a picosecond. These findings show a 

novel THz self-action-based mechanism for modifying the absorption and phase characteristics of 

graphene-based perfect absorbing device. Future dynamically modulated flat optics devices might 

use such technologies. Additionally, devices based on our work can be used to shape the beam and 

pulse of powerful THz emitters.  
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