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Abstract  

In this thesis, we investigate nonlinear interactions of an intense terahertz 

(THz) field with semiconductors, in particular the technologically relevant 

materials silicon and silicon carbide. We reveal the time-resolved dynamics 

of the nonlinear processes by pump-probe experiments that involve weak 

THz and near infrared pulses as probes.   

Firstly, an intense THz pulse is used to study THz-induced impact 

ionization (IMI) dynamics in silicon. Local field enhancement by metallic 

dipole antenna arrays has been used to generate strong electric fields of 

several MV/cm in the hot spots near the antenna tips. For the first time, this 

enables investigation of field-induced IMI in silicon under very strong fields 

and at very low initial carrier concentrations. These regimes have previously 

been inaccessible in conventional transport measurements, due to avalanche 

breakdown. Using field enhancement technique we investigated the time-

resolved dynamics of the IMI process by optical/THz pump-optical probe 

experiments. Our experimental results, in combination with Monte Carlo 

simulations, clarify that carrier multiplication dynamics depends strongly on 

the initial densities of carriers. In the limit of low initial carrier density 

(1.5×1010 cm−3), a single electron is multiplied in a cascade of IMI events to 

generate more than 108 electrons within a few hundred femtoseconds. At 

high initial densities of carriers, the impact ionization rate reduces to values 

known from the literature due to Auger recombination, field screening and 

electron-hole scattering effects.  

Silicon carbide (SiC) stands out as a promising alternative material 

platform for high power THz applications due to its high radiation 

resistance. Linear spectroscopy with broadband THz light reveals very sharp 

and strong resonant absorption lines due to folded zone lattice vibrations. 

These folded zone acoustic phonon modes can be seen as Si-C atomic planes 
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moving with respect to each other within the unit cell in a pattern 

characteristic to each polytype of SiC. Their specificity to the polytype is an 

ideal tag to identify polytypes uniquely.   

Finally it is demonstrated for the first time that SiC can be tailored to 

have extremely fast THz-induced nonlinear behavior in moderate THz 

electric fields by addition of appropriate dopants. A 4H-SiC sample with 

high concentrations of nitrogen and boron dopants shows a nonlinear THz 

transmission attributed to THz-induced dopant state ionization and scattering 

of hot electrons to a lower-mass conduction band. THz pump-THz probe 

experiments show that the nonlinear process has an ultrafast sub-picosecond 

recovery time. This demonstrates that the nonlinear response of doped SiC is 

among the fastest nonlinear modulation schemes for THz signals that can be 

applicable over wide ranges of operating temperatures.   
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Resumé 

I denne afhandling studerer vi ikke-lineære vekselvirkninger mellem et 

intenst terahertz (THz) felt og de teknologisk vigtige halvledere silicium og 

silicium carbid. Undersøgelserne afslører den tidsopløste dynamik af ikke-

lineære processer ved hjælp af pumpe-probe-eksperimenter, som involverer 

en kraftig THz-puls som pumpe og svage THz- og nærinfrarøde pulser som 

prober. 

Først anvender vi en intens THz puls til at studere dynamikken i THz-

induceret impact ionization (IMI) i silicium. Ved hjælp af metalliske 

dipolantenner opnår vi yderligere feltforstærkning, således at der genereres 

et elektrisk felt på adskillige MV/cm omkring dipolantennernes ender. Dette 

muliggør undersøgelse af felt-induceret IMI i silicium i et nyt feltregime og 

ved meget lave ladningsbærerkoncentrationer, som hidtil ikke har været 

tilgængelige i konventionelle jævnstrøms-transport-målinger grundet 

avalanche breakdown. Vi har med denne feltforstærkningsteknik undersøgt 

den tidsopløste dynamik af IMI-processer med optisk/THz pumpe – optisk 

probe eksperimenter, hvor udviklingen af den frie ladningsbærertæthed 

bliver overvåget med en forsinkelse af probepulsen. Vores eksperimenter, 

sammen med Monto Carlo simuleringer, viser at 

multiplikationsdynamikkerne for ladningsbærerne er stærkt afhængige af den 

initiale ladningsbærertæthed. Vi viser, at ved ekstremt lave initial 

ladningsbærertætheder (1.5×1010 cm−3), bliver en enkelt elektron 

multipliceret i en kaskade af IMI-begivenheder og ender med at generere 

mere end 108 elektroner indenfor nogle få hundrede femtosekunder. Ved høj 

initial ladningsbærertæthed reduceres IMI raten til værdier kendt fra 

litteraturen, grundet Auger rekombination, afskærmning af det elektriske felt 

og spredningseffekter mellem elektroner og huller. 
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Silicium carbid (SiC) er en lovende, alternativ materialeplatform til 

højfelts-THz-anvendelser grundet meget høj bestrålingsmodstand. Lineær 

spektroskopi med en bredbåndet THz kilde viser meget skarpe og stærke, 

resonante absorptionslinjer grundet vibrationer af den foldede Brillouin-zone 

i materialets polytyper. Fonon-vibrationsmønstrene i den foldede zone 

resulterer i at Si-C atomplanerne bevæger sig indbyrdes i enhedscellen i et 

mønster som er karakteristisk for hver polytype af SiC. Denne afhængighed 

er velegnet til entydigt at identificere polytyper. 

Slutteligt bliver det for første gang demonstreret at SiC kan tilpasses til 

at have en ekstremt hurtig THz-induceret, ikke-lineær opførsel i et moderat 

THz elektrisk felt ved at tilsætte passende doteringsatomer. En 4H-SiC 

prøve, som indeholder høje koncentrationer af dotanterne nitrogen og bor, 

viser en ikke-lineær THz transmission der tilskrives en kombination af THz-

induceret ionisering af dotantatomer og spredning af energetiske elektroner 

til et ledningsbånd med lavere effektiv masse. THz-pumpe-THz-probe 

eksperimenter viser at den ikke-lineære respons har ultrahurtig sub-

picosekunds genoprettelsestid. Dette demonstrerer at den ikke-lineære 

respons af doteret SiC er blandt de hurtigste, ikke-lineære 

modulationsskemaer for THz signaler, som samtidig kan anvendes over et 

meget bredt temperaturområde. 
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Chapter 1 

 Introduction 

It is fascinating to see light emitting diodes convert electric current to 

light; solar cells produce electricity from sunlight or integrated transistors in 

mobile chips, computer chips and other electronic systems produce all the 

wonderful functionalities that we use on a daily basis. Behind all these 

functionalities lie interactions of electrons with electric field in a 

microscopic level. Most physical processes that influence the carrier-field 

interactions happen on time scales of picosecond and femtosecond. Apart 

from the fundamental understanding of physical processes occurring in 

femtosecond and picosecond timescales, full understanding of dynamics of 

the charge carrier interactions with electric field is essential to advance the 

performances of these devices and design new functionalities. Sub-

picosecond, terahertz (THz) electric field pulses enable investigations of 

these ultrafast interactions with sub-picosecond temporal resolutions.  

THz electromagnetic wave covers frequencies of 0.1–10 THz, which 

corresponds to a wavelength range of 30 μm–3 mm.  The corresponding 

photon energy range of a THz radiation is 0.4–41 meV. The low photon 

energies cover peculiar energy region in solid state physics such as free 

carrier absorption peaks, quasi-particles binding energies, energy levels of 

the lattice vibrations (phonons), magnons,  interband transition energies in 

low dimensional systems and dopant state binding energies [1]–[3]. 

Consequently, THz provides access to a wealth of resonances in condensed 

matter and it has been used extensively to probe these inherent properties of 

materials. Not only does it probe resonance dynamics, strong THz field 

enables selective excitation of these low energy resonances such as 

molecular rotations, crystal lattice vibrations, excitation and acceleration of 
 

 



   
 
electrons which helps the understanding of the dynamics of these processes 

in pump-probe measurements. 

The dielectric properties of semiconductors are strongly dispersive in 

the THz spectral region. This enables characterization of conductivity 

properties on sub-picosecond temporal resolutions in a non-contact manner. 

Over the last few decades THz has developed into a mature technique in 

studying free carrier conductivity dynamics in semiconductors [4], [5]. It is 

applied to probe the microscopic electronic interactions of bulk 

semiconductors and nanomaterials in equilibrium as well as in photoexcited 

states.  The possibility to measure the phase of a transmitted THz pulse in a 

time domain spectroscopy (TDS) allows quantization of complex 

conductivity.  

A much smaller frequency of THz signals as compared to optical fields 

means very large pondermotive energy (Ɛ𝑝𝑝 ∼ 𝐸𝐸2/𝜔𝜔2), where E is the 

electric field strength and 𝜔𝜔/2𝜋𝜋 is the frequency, for a given electric field.  

Such a strong interaction with free carriers implies that electrons can be 

energized beyond the ionization energy of, for example, dopant states. 

Interband transitions can also induced by an intense THz field through 

scattering processes. Hoffmann, et al. demonstrated that an intense THz 

radiation causes carrier heating and amplification by impact ionization in 

indium antimonide (InSb) in electric fields of up to 100 kV/cm [6]. THz 

electric field has shown to be a successful mechanism to induce and probe 

intervalley and intravalley scattering dynamics in bulk semiconductors such 

as gallium arsenide (GaAs), silicon (Si), germanium (Ge) and indium 

gallium arsenide (InGaAs) [7]–[11]. 

Due to substantial advancements of ultrafast high power lasers, 

dramatic advances in THz generation technology in recent times have been 

achieved. Consequently, generation of electric field pulses exceeding 1 

MV/cm on tabletop systems has been possible [12]–[16]. Extremely strong 
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electric fields in MV/cm and decades of MV/cm have also been achieved by 

using field enhancing metallic structures and metamaterials [17]–[20]. These 

achievements enable investigations of high field responses in 

semiconductors in strong electric regime such as high harmonic generations, 

Bloch oscillations and THz-induced field emission spanning from THz to the 

UV spectral range [21]–[23]. Extremely strong electric field pulses also 

demonstrate their capability to induce irreversible material damage [24].  

Access to the THz field in MV/cm provides a new way of investigation 

and control of carrier dynamics in semiconductors. Extremely strong THz 

field demonstrates the capability to induce and investigate phase transitions 

is semiconductors; for example, Liu, et al. demonstrated insulator-to-metal 

transition in vanadium dioxide induced by THz pulse in MV/cm [25]. An 

intense THz can also drive charge carrier coherently to a very high energy 

such that extraordinary carrier multiplication can happen in semiconductors 

with bandgaps larger than 1 eV modifying their conductivity significantly 

[26]–[28].  Lange, et al. demonstrated that interband tunneling and impact 

ionization driven by THz field in undoped GaAs generates enormous density 

of electron-hole plasma which resulted in a complete switching-off of a 

metamaterial resonance [20]. Vicario, et al. recently revealed that an ultra-

strong THz electric field provokes extreme cross-phase modulation and a 

staggering five times spectral broadening of co-propagating femtosecond 

laser pulse in an electro-optically active gallium phosphide (GaP) [29]. 

These exemplary reports demonstrate the potential of THz electric field in 

the control and manipulation of transient states of semiconductors happening 

in sub-picosecond time scales. These ultrafast nonlinearities will have 

implications in future ultrafast nonlinear THz devices such as saturable 

absorbers, optical limiters, frequency tunable antenna switches and all-

optical signal processing systems.   
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Investigation of carrier dynamics in high electric fields regime is not 

only a necessity for the fundamental physical understanding and future 

functionalities; extremely strong electric fields can also be induced in 

nanodevices as feature sizes continue to miniaturize.  Recently, devices with 

feature sizes  of sub-10 nm and THz switching speeds are being introduced 

in working devices [30]–[32]. With such feature sizes application of standard 

gate voltage can induce electric fields in MV/cm. The device responses in 

these situations need to be understood for optimal functionality. With recent 

advances to generate extremely strong electric field pulses combined with its 

low photon energy, THz electric field can be adjustable bias ranging from 

sub-kV/cm to decades of MV/cm. It can be applied in a noncontact manner 

to investigate field-dependent carrier transport properties in semiconductors. 

This is particularly important for the most common semiconductor in micro- 

and optoelectronics, silicon.  

Silicon is also an important material platform to fabricate THz devices 

due to its high transparency. In strong electric fields its transparency can be 

compromised. A THz field in MV/cm induces enormous density of carriers 

by impact ionization even from high resistivity silicon. While its nonlinear 

properties can be utilized for important switching and modulation 

applications, its breadth of applicability can be limited by nonlinear 

responses in strong electric fields. That requires a more robust material 

alternative that stays linear under application of strong electric fields in 

MV/cm. Silicon carbide (SiC) has approximately five times larger 

breakdown voltage. It has a large bandgap which implies that its impact 

ionization threshold is higher than that of silicon. SiC has also other 

interesting attributes such as high radiation resistance, high drift velocity, 

high thermal conductivity and melting point which are ideal for high power 

THz applications analogous to its success in high power electronics [33], 

[34].  
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While it is known that some polytypes of SiC have higher saturation 

velocity and mobility which is desirable for fast switching [35], [36], its 

dielectric and conductivity properties are not understood to the level of other 

common semiconductors such as Si or GaAs. With invigorated interest in 

SiC for optoelectronics applications, full understanding of its electronic 

properties is essential which can be revealed by THz spectroscopy. Even if 

undoped SiC has high THz transparency [37], the possibility to induce 

nonlinear transmission dynamically using intense THz widens its 

application.  

In this thesis investigation of the dynamics of THz-induced 

nonlinearities in silicon and silicon carbide are presented.  By using simple 

dipole antenna to extend the THz electric field into the MV/cm regime, 

impact ionization dynamics in silicon is investigated. Experimental 

techniques such as standard THz-TDS, THz pump-THz probe and optical 

plus THz pump-optical probes are implemented to understand the time-

resolved dynamics of the impact ionization process. These experiments 

supported by Monte Carlo simulations clarify other physical processes that 

influence the impact ionization dynamics and its field dependence. Results 

on lattice vibration dynamics and conductivity properties of SiC, examined 

by broadband THz source, are also presented. A THz-induced nonlinear 

dynamics in a doped-SiC sample is investigated by standard THz-TDS and 

THz pump-THz probe measurements.  

 The thesis is organized in seven chapters. Chapter 2 begins by 

describing the THz generation and detection techniques. Special focus has 

been given to techniques that are used to perform the experimental results 

presented in this thesis. THz field enhancement by using metallic dipole 

antenna to reach strong electric fields of several MV/cm is described. The 

chapter covers description of experimental details which were used to obtain 

the results presented in this thesis. In chapter 3 the investigation of THz-
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induced impact ionization in silicon by the standard THz-TDS is presented. 

Mechanism of resonance frequency shift of a metallic dipole antenna by 

impact ionization is described. The results of the experimental investigations 

of time-resolved dynamics of carrier generation are presented separately in 

chapter 4. Two investigation techniques that involve different probing 

signals are implemented. First, results of optical plus THz pump-optical 

probe measurements are described. In this technique the carrier density 

dynamics is directly monitored by measuring reflectivity change of a tightly 

focused 800 nm probe pulse. The time-resolved impact ionization dynamics 

as well as the influences of various carrier-field interaction mechanisms such 

as phonon scattering, Auger recombination, field screening and electron-hole 

scattering on the impaction ionization dynamics are illustrated. The field-

dependent property of impact ionization is also elaborated by altering the 

incident THz field strength. In the second part of the chapter results of THz 

pump-THz probe experiments are presented. In this technique a weak THz 

pulse is used to probe the carrier dynamics. The dipole antenna resonance 

shift is modelled by a simplified harmonic model to interpret the 

experimentally measured antenna resonance shift as a function of pump-

probe delay time.  

The next two chapters focus on the investigations of silicon carbide in 

which the dielectric and conductivity properties as well as THz–induced 

nonlinear transmission in doped SiC are presented. Chapter 5 discusses 

linear THz spectroscopy results of SiC obtained by broadband THz source. 

The dynamics of weak folded-zone phonon modes in 4H- and 6H-SiC 

samples are illustrated. Characterization of doped 4H-SiC sample that shows 

a nonlinear THz transmission is presented in the first sections of chapter 6. 

The broadband THz source has been used to characterize conductivity 

parameters. Then THz-induced nonlinear transmission in the sample, where 

ultrafast sub-picosecond modulation of THz transmission is observed, is 
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described in this chapter. Finally conclusion and future perspectives are 

outlined in chapter 7. 
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Chapter 2 

Intense terahertz generation and 
detection 

2.1 Introduction  

The terahertz (THz) spectral range had been relatively unexplored due to the 

difficulty in its generation and detection. Electronic sources for microwave 

signals tend to be inefficient at high frequencies. Similarly, optical sources 

were not efficient in generation radiation at of low frequencies. Due to its 

inaccessibility, the THz spectral range is used to be known as the THz gap. 

In the last two decades, THz generation and detection technologies have 

made significant strides; consequently, THz has been applied over a wide 

range of applications. Several articles and review papers have been 

published on the generation and detection of the THz radiation [38]–[40]. In 

this chapter, the THz generation and detection techniques used during this 

PhD work are described briefly. Following the description of generation and 

detection techniques, experimental setups that are used to perform the 

investigations are discussed.  

The most widely available commercial THz sources are 

photoconductive antennas, pioneered by D.H. Auston [41]. In this technique 

two electrodes (or antennas) are fabricated on a semiconductor substrate 

close to each other. An ultrashort laser pulse excites electrons by interband 

transition in the semiconductor at the gap between two electrodes. An 

electric field bias applied to the electrodes accelerates the optically generated 

electrons. Such a sharp change in current generates THz radiation that has a 
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temporal profile proportional to the derivative of the photoconductive 

current. Photoconductive antennas can also be used for coherent detection of 

THz pulses. In this case, an applied THz electric field acts as bias and in the 

presence of optically generated electrons a photocurrent across the gap is 

induced. The measured current is directly proportional to the electric field of 

the THz pulse. The THz transient generated by a photoconductive antenna is 

typically weak. However, large area photoconductive antennas can generate 

few tens of kV/cm. The THz radiation from photoconductive antennas has a 

bandwidth that ranges between 0.05 THz and 2–6 THz [42]–[45].  

A broadband THz pulse with bandwidth of several decades of THz can 

be generated by a two-color laser mixing in a laser-induced air plasma [46]–

[48]. In this technique, a fs pulse and its second harmonic are focused to 

generate an air plasma. An asymmetric current in the air plasma region 

generates a broadband THz radiation where the bandwidth is limited by the 

pulse width of the driving laser pulse. This technique is unique in its broad 

bandwidth, but high peak power can be achieved with this technique. Kim, et 

al. demonstrated single cycle pulses with peak electric field >8 MV/cm 

which have been generated in air plasma with a fs laser amplifier providing 

30 fs pulse width and 15 mJ pulse energy. A broadband THz detection and 

waveform measurement is also possible in the reverse process called air-

biased coherent detection (ABCD) [49], [50]. In this case, the second 

harmonic of fs a probe pulse, that is proportional to the THz field, is 

generated in a third order nonlinear interaction between the THz electric 

field and the fs laser pulse. By detecting the second harmonic intensity, the 

THz radiation is detected.  

While weak THz signal (from the T-Ray 4000 system by Picometrix) 

and broadband THz pulse generated by two-color air plasma are used briefly 

during this PhD work, most of the results presented in this thesis are 

produced by THz pulses generated by optical rectification. The THz pulses 
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are detected coherently by electro-optic sampling. Therefore these 

techniques are discussed in more detail in the subsequent sections.  

2.2 THz generation with optical rectification  

Optical rectification is a second order nonlinear process where interaction of 

two optical fields in a nonlinear medium will have a response of 

𝜒𝜒(2)(0:𝜔𝜔0 − 𝜔𝜔0), where 𝜒𝜒(2) is second order susceptibility and 𝜔𝜔0/2𝜋𝜋 is 

the frequency of the incident field. If the optical pulses are monochromatic 

and have identical frequency, a DC polarization will be generated. Ultrafast 

optical pulses have a finite spectral bandwidth. If only a single ultrafast 

optical pulse is incident on the nonlinear crystal, mixing of different 

frequency components of the pulse gives rise to a short THz transient. 

Efficient THz generation using optical rectification requires a non-

centrosymmetric material (𝜒𝜒(2) ≠ 0) with a high second order nonlinear 

coefficient. Examples of such materials include zinc telluride (ZnTe), 

lithium niobate (LiNbO3), gallium phosphide (GaP) and organic crystals 

DAST and DSTMS. LiNbO3 has a high nonlinear coefficient (r = 30.9 

pm/V) and a high damage threshold in the application of high power fs laser 

pulses. While organic crystals can have a high nonlinear coefficient and 

easier phase matching in a collinear scheme, their low damage threshold is a 

limiting factor in their functionality. 

As is typical for optical nonlinear processes, efficient generation of THz 

pulses requires phase matching between the THz pulse and the optical pump. 

The ideal phase matching condition is fulfilled when the group velocity of 

the pump pulse matches the phase velocity of the THz pulse. The phase 

velocity of the THz waves is more than two times smaller than the group 

velocity of the 800 nm pump in the LiNbO3 crystal [39]. In an optical 

arrangement where the output THz pulse and the optical pump are collinear, 

the conversion efficiency is very low as THz pulses generated in different 
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depths of the crystal do not interfere constructively due to the difference 

between the phase velocity of the THz radiation and the group velocity of 

the optical pump. A significant leap in tabletop high power THz generation 

has been achieved by implementing tilted-phase front geometry [51]. In this 

technique, the pump pulse front is tilted inside the LiNbO3 crystal such that 

THz generated across the crystal adds up constructively.  

The near infrared (NIR) laser (at 800 nm) pulse front is tilted using a 

combination of grating and imaging systems to achieve phase matching 

inside the LiNbO3 crystal [12], [39], [51], [52]. The schematic of the setup is 

shown in Fig. 2.1. We used a grating with 1800 lines/cm to tilt the pulse front. 

The grating is imaged onto the LiNbO3 crystal by a combination of lenses in 

4f-lens arrangement. The lenses are cylindrical with focal length of f1 = 250 

and f2 = 150 mm for Lens 1 and Lens 2 respectively. The imaging system 

enables optimum THz propagation characteristics for efficient optical-to-

THz conversion. The THz radiation is emitted perpendicular to the pulse 

front. In this scheme the component of the pump pulse group velocity along 

the THz propagation direction matches the phase velocity of the THz pulse. 

The LiNbO3 crystal is cut so that the pump pulse will be incident on the 

crystal perpendicularly and THz leaves the crystal in a direction normal to 

the facet. The cutting angle of the crystal near the corner where THz is 

generated has an angel of 62-63o.   

2.3 THz detection with electro-optic sampling  

Measurement of the amplitude and phase of a THz pulse is possible using 

the principle of a linear electro-optic (EO) effect also known as the Pockel’s 

effect [53]. In linear electro-optic sampling a THz electric field induces a 

change of index of refraction along the different axes in an electro-optically 

active medium [54]. The modification of the index ellipsoid is translated into 
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a phase retardation between weak NIR fs probe pulse components 

propagating along the different axes of the EO crystal.  

 

Zink Telluride (ZnTe) is one of the most widely used nonlinear crystals 

for coherent electro-optic THz transient measurements because of its high 

sensitivity associated with a high nonlinear coefficient and excellent match 

between the group velocity of probe pulse and phase velocity of the THz 

pulse in collinear scheme. Consequently, a co-propagating THz and a probe 

pulse will have a long interaction length [55], [56]. The THz spectral range 

 
Figure 2.1. Schematic diagram of the THz pulse generation setup in a tilted-pulse 

front geometry. The grating has 1800 lines/cm. Cylindrical lenses with focal lengths 

of 250 mm (Lens 1) and 150 mm (Lens 2) are used for imaging the grating on to the 

LiNbO3 crystal and adjusting the pulse front tilt angle. The blue wavy lines indicate 

pulse front of the NIR pump.  
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detected by ZnTe is limited in frequency by strong phonon absorption by TO 

phonon at 5.3 THz [55]. If THz detection over broader spectral range is 

required, GaP is used alternatively for high sensitivity EO detection of up to 

7 THz [57]. 

The schematic of the detection setup by EO sampling in a balanced 

detection system is shown in Fig. 2.2. <110> ZnTe, which has an isotropic 

material index ellipsoid, is used for the EO detection as its detection 

bandwidth covers the THz radiation generated by the LiNbO3 crystal. The 

probe pulse is linearly polarized before the detection crystal. In the absence 

of a THz pulse, ZnTe does not affect the polarization of the propagating 

probe pulse and the linearly polarized light is converted to a circularly 

polarized light in a quarter-wave plate. Application of a THz field polarized 

parallel to the probe polarization introduces birefringence in the crystal. 

Consequently, the polarization of the probe pulse is modified. The 

transmitted probe pulse propagates through the quarter-wave plates will be 

an elliptically polarized light. The Wollaston prism separates the light 

components propagating along the ordinary and extraordinary axes. In the 

case of elliptically polarized light, the balanced photodiodes measure a 

differential signal which is picked by a lock-in amplifier. The lock-in 

amplifier is phase-locked to an optical chopper that modulates the THz 

beam. The differential signal is proportional to the incident THz electric 

field in the limiting case when the differential signal of the photodiodes is 

much smaller than the signal from each photodiode. The exact relationship 

between the electric field strength and the differential signal is [58],  

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 = sin−1 �
Δ𝐼𝐼
𝐼𝐼
�  

𝑐𝑐
𝜔𝜔𝑛𝑛3𝑟𝑟41𝐿𝐿

 (2.1) 

 

Where Δ𝐼𝐼/𝐼𝐼 is the relative differential intensity between the two 

photodiodes, 𝜔𝜔 is the angular frequency of the probe pulse, 𝑟𝑟41 = 4 pm/V is 
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the nonlinear constant of ZnTe [57] is the component of the electro-optic 

tensor, 𝐿𝐿 is the thickness of the EO crystal and 𝑐𝑐 is the speed of light in 

vacuum. 

 
Figure 2.2. Schematic diagram of THz pulse measurement by EO sampling using a 

500 μm ZnTe crystal. A combination of quarter-wave plate (λ/4), Wollaston prism 

and balanced photodiodes separates the probe pulse components along the ordinary 

and extraordinary axes and the lock-in measures the differential signal between the 

balanced photodiodes. Overlapping a THz pulse with a probe pulse introduces a 

non-zero differential signal that can be related to the THz electric field strength.   

 

The fs probe pulse duration is smaller than the THz pulse duration. By 

variably delaying the probe pulse with respect to the THz pulse, a time 

domain THz field transient is mapped. A typical THz transient measured by 

electro-optic sampling is shown Fig. 2.3. The electric field strength is 

calculated based on Eq. 2.1. The THz pulse has peak field strength > 250 

kV/cm. The inset shows the amplitude spectrum obtained by calculating the 

Fourier transform of the time-domain pulse. The spectrum of the measured 
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THz signal shows spectral availability of up to approximately 3 THz from 

LiNbO3 crystal.  
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Figure 2.3. THz transient generated by optical rectification in LiNbO3 and 

measured by electro-optic sampling in the ZnTe crystal. The inset shows the 

corresponding spectral amplitude. 

2.4 THz field enhancement with antenna arrays  

Antennas are widely used in the radio frequency and microwave spectral 

regimes mainly for communication applications such as in wireless 

communication and broadcasting. With fast progress in the area of THz 

communication [59]–[61], the extension of antenna popularity from the 

microwave to the THz spectral range is inevitable with the potential of THz 

spectral band to provide ≥ 100 times faster data communication than the 

present day Wi-Fi networks [62]. While the farfield properties of antennas 

are relevant for communication applications, its nearfield properties enable 
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field confinement to sub-wavelength dimensions and significant 

enhancement of field strength.  

Metallic antennas and metamaterials fabricated on top of a dielectric 

substrate have shown the capability to provide significant local field 

enhancement [63]–[65]. They provide a cheap alternative to get extremely 

strong THz electric fields in MV/cm and decades of MV/cm. These strong 

electric fields are important for the investigation of strong field-matter 

interaction in condensed matter.  In this work, simple dipole metallic arrays 

are used to enhance THz fields at the dipole antenna hot spots near its tips 

and achieve electric fields of several MV/cm. While using antenna arrays 

instead of single antenna  avoids the difficulty in spatial alignment of the 

THz peak with a single antenna, it has an added advantage that plasmonic 

coupling of the lattice modes of the antenna array with the resonance of a 

single antenna increases the field enhancement [66].  

Periodic gold antenna arrays are fabricated on high resistivity silicon 

(HR Si) substrates by the standard UV lithography. A scanning electron 

microscope image of a gold antenna array with a resonant frequency of 0.6 

THz is shown in Fig. 2.4(a). A single dipole antenna has length of 80.6 μm, a 

width of 5 μm and a thickness of 200 nm. The periodicity of the antenna 

array in both directions is 143.8 μm.  

The electric field profile and field enhancement are investigated by full-

wave electromagnetic solver using a commercial software package (CST 

microwave studio). In the modeling of the antenna array the dimensions are 

set according to the measurements of the fabricated sample. Periodic 

boundary conditions are implemented in the x- and y- directions to represent 

the periodic antenna arrays while considering a single antenna for 

simulations. A lossy metal with electrical conductivity of 4.56×10–7 S/m is 

used to model the optical constants of gold. The real part of dielectric 

constant of silicon is set to be 11.7 as specified by the supplier (Topsil) and 
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in agreement with literature in the THz range [67]. The antenna system is 

excited by a plane wave source input with a measured temporal profile 

similar to the one shown in Fig. 2.3. The calculated field profile of a single 

antenna unit is shown in Fig. 2.4(b). The color scale is limited to only 4.32 at 

the peak of the response in time domain, even though a maximum field 

enhancement higher than 30 in time domain is obtained, to better visualize 

the field profile near the antenna. 

 

 
Figure 2.4. (a) Scanning electron microscope (SEM) image of a periodic gold 

antenna array designed for a resonance frequency at 0.6 THz. (b) Simulated time 

domain THz electric field profile in the vicinity of a single antenna unit. The 

antenna has a length of 80.6 μm, a width of 5 μm and thickness of 200 nm. The 

periodicity of the antenna array in both directions is 143.8 μm. The inset shows the 

magnitude of electric field at the tip of an antenna for an incident plane wave with 

peak electric field of 1 V/m showing field enhancement higher than 30 at a depth of 

10 nm below the silicon surface. 
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2.5 THz time-domain spectroscopy setup 

 
 
 
Figure 2.5. Schematic diagram of the experimental setup in a THz-TDS. A 800 nm 

laser pulse from a regenerative Ti:sapphire amplifier generates THz radiation in a 

LiNbO3 crystal. The THz pulse is collimated and focused at the sample location 

using a set of off-axis parabolic mirrors. The transmitted THz signal is imaged onto 

a ZnTe crystal where it overlaps with the probe pulse for THz detection.  

A standard THz time-domain spectroscopy (THz-TDS) setup in transmission 

mode is shown in Fig. 2.5. A nearly single cycle THz field is generated by 

optical rectification in a LiNbO3 crystal in a tilted-wave front geometry by 

800 nm pulse from a Ti:sapphire regenerative amplifier (Spitfire Ace). The 

laser pulses from the amplifier have energy of up to 6 mJ, a pulse width of 

100 fs and a repetition rate of 1 kHz. The near infrared (NIR) beam is 

separated into two parts using an optical sampler. The major portion of the 

beam, which passes through the optical sampler, is used for THz generation 

and a small fraction of the beam reflected from the sampler is used as a 
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probe beam for the THz electric field measurement by electro-optic 

sampling. 

To obtain an intense THz electric field, focusing the THz beam tightly 

at the sample position is crucial. A set of five 90o off-axis parabolic mirrors 

are used in the setup for the tight focusing at the sample location and 

imaging on detection crystal. A photograph of part of the optical setup that 

contains the off-axis parabolic mirrors is shown in Fig. 2.6 (a).  The green 

line indicates the THz beam path. THz radiation from the LiNbO3 crystal is 

collimated and focused onto the sample using a set of 3 off-axis parabolic 

mirrors with focal lengths of 1”, 6” and 2” arranged in that order starting 

from the THz source. Pulses transmitted through the sample are again 

collimated and imaged onto a 0.5 mm thick <110> ZnTe crystal by a pair of 

off-axis parabolic mirrors (2” and 6”) for detection. To overlap the THz 

beam and the detection NIR beam, the THz beam is reflected by an ITO 

mirror at 45o which is transparent to the NIR beam.  

Careful alignment of the off-axis parabolic mirrors is done with the 

support of a commercial THz camera (NEC IRV-T0831)). The THz camera 

images at locations of approximately 5 cm away from the LiNbO3 crystal, at 

the sample and at the detection crystal are shown in Fig. 2.6(b-d). It is shown 

that the THz beam is effectively focused at the sample position which is 

essential to achieve an intense electric field needed for nonlinear 

spectroscopy in semiconductors. The horizontal beam profile at the sample 

focus is shown as an inset in Fig. 2.6 (c). The full-wave half maximum along 

the horizontal dashed line is 270 μm.  For comparison, the diffraction limited 

spot size at 1 THz is, λ/2NA = 188 μm where a roughly estimated numerical 

aperture, NA = 0.8, is used. 
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Figure 2.6. (a) A Photograph of part of the optical setup that contains the off-axis 

parabolic mirrors.  The green line indicates the THz beam path. THz beam profile 

imaged by a commercial THz camera (NEC IRV-T0831) (b) approximately 5 cm 

away from LN crystal, (c) at the sample position, and (d) at the detection crystal 

location. Dimensions of rectangular regions around the THz images are included to 

show relative beam spot size. 

The THz signal detection is done by free space electro-optic sampling. 

To avoid over rotation and any nonlinearities [68], [69] in the electro-optic 

detection, we decrease the intensity of THz wave on the ZnTe crystal by 

inserting a set HR Si in the path of the collimated THz beam. A single wafer 

reduces the electric field by factor of Fresnel transmission equivalent to 

4𝑛𝑛/(𝑛𝑛𝑛𝑛 + 1)2 ≈ 0.7, where n = 3.417 is the refractive index of silicon at 
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THz frequencies.  Placing a set of nine silicon wafers results in reduction of 

electric field by a factor of (0.7)–9 = 24.8. The silicon wafers are also used to 

vary the THz field strength at the sample location by relocating the silicon 

wafers in the THz beam path before and after the sample. The total number 

of HR Si in the beam path is kept constant to maintain a constant THz field 

strength at the detector. 

2.6 THz pump-THz probe experimental setup 

To investigate the time-resolved nonlinear dynamics induced by an intense 

THz pulses in silicon (Si) and silicon carbide (SiC), a THz pump-THz probe 

setup is implemented. The schematic diagram of the optical setup is shown 

in Fig. 2.7. Two collinear THz beams are generated by optical rectification 

in a single LiNbO3 crystal in tilted-wavefront geometry. The NIR laser pulse 

from the Ti:sapphire regenerative amplifier is used for generation of the THz 

pulses. The NIR pulse is split in 1:10 ratio using a beam splitter. 90% is used 

to generate the THz pump and the 10% is variably delayed and used to 

generate the THz probe pulse. The two NIR beams are recombined at very 

close incident angles on a holographic diffraction grating with 1800 

lines/mm at the same spot and co-propagate almost together afterwards. The 

THz generation, imaging and detection are the same with the standard THz-

TDS setup described in section 2.5.  

For selective measurement of the two THz pulses optical choppers are 

placed in the beam paths of NIR beams that generate the THz pulses. By 

locking the frequency of the lock-in amplifier with either the modulation of 

the probe pulse or the pump pulse, selective measurement is possible in the 

presence of the other. Calibration of the detected THz profile using the well-

known electro-optic coefficient [57] of the detection crystal shows that the 

THz pump pulse has a peak electric field higher than 300 kV/cm and probe 

pulse has a peak of approximately 20 kV/cm. Representative pump and 
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probe pulses with a pump-probe delay of –3 ps are depicted in Fig. 2.8. In 

most of the pump-probe measurements, the THz beam path is purged with 

dry nitrogen to reduce THz absorption by water vapor.  

 

Figure 2.7.  Schematic of THz pump-THz probe experimental setup where the THz 

is generated in a single LN crystal. The high power 800 nm pulse is split into three 

branches. 90 % of the intensity is used to generate THz pump and a variably delayed 

10% is used for THz probe generation in the same LN crystal. A small fraction the 

THz probe generating beam is used for the EO sampling. The two THz pulses 

propagate collinearly.  Notice that the difference in incident angle on the grating 

between the two NIR beams is exaggerated.  

Since both the pump and probe THz pulses are generated and detected 

by the same generation and detection crystals, a nonlinear interaction near 

the temporal overlap of the THz pump and THz probe pulses is expected. 

This is clearly demonstrated in probe peak scan without sample as a function 

of pump-probe delay time shown in Fig. 2.9 (a). In the probe peak scan the 
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optical probe measures the peak of the probe pulse while the pump-

probe delay time is varied. Near the temporal overlap of the two THz 

pules, the probe peak undergoes extraordinary transformation due to 

nonlinear effects in both the generating and detection crystals.  

 

Figure 2.8. Representative pump and probe pulses at the pump-probe delay time of –

3 ps. The pump is scale down by a factor of 10 for a better visual account.  

In the time window of the scan presented in Fig. 2.9(a) we observe 

distortions of the peak scan near time delay of 0 ps and 12.5 ps. The 

distortion near pump-probe delay time of 12.5 ps in the peak scan is due 

to the nonlinear effect in the detection crystal alone. At this pump-probe 

delay, there is no temporal overlap of the NIR pumps in the generation 

crystal. This time delay corresponds to the overlap between the THz 

probe pulse and the Fabry-Perot reflection pulses from the attenuating 

silicon wafers of the THz pump pulse. It is to be noted that the first 

Fabry-Perot reflected THz pulse from six attenuating wafers used in this 

scan is larger than the transmitted THz pulse. So we expect less nonlinear 
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effect induced in the detection crystal near time delay of 0 ps than that of 

nonlinear effect at 12.5 ps. The significant distortion near time delay of 0 ps 

ps is from nonlinear effects at both LN crystal and detection crystal (ZnTe). 

In the generating crystal, the presence of a strong NIR pump affects the THz 

generation by the weak NIR beam nonlinearly. Comparing the maximum 

deviations of probe peak near pump-probe delays of 0 and 12.5 ps, one can 

argue that the nonlinear effect near pump-probe delay times of 0 ps emanate 

mainly from LiNbO3 crystal. 

To minimize the influence of the nonlinear effect in the generation and 

detection crystals, a measurement scheme is implemented where the THz 

power on the sample changes while maintaining the same condition on the 

generation and detection crystals.  In this scheme probe pulse transmission in 

full power THz pump and probe pulse in attenuated pump illumination is 

compared to analyze the time-resolved nonlinear dynamics induced by the 

strong THz pump. THz pump attenuation is achieved by placing a set of 

silicon wafers on the collimated section of the THz beam path. In the case of 

full pump pulse illumination, the silicon wafers are relocated to the beam 

path after the sample. In this way the nonlinear interactions at the generation 

and detection crystals are maintained the same while varying the incident 

field on the sample. This enables us to pick the nonlinear interaction induced 

only in the sample. This has been confirmed by making a pump-probe 

measurement in air without the sample. The difference in probe pulse with a 

full THz pump illumination and an attenuated THz illumination in air scan 

shows no nonlinear signal apart from noise at the overlap as shown in Fig. 

2.9(b).    
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Figure 2.9. (a) Probe peak scan as a function of pump-probe delay time. The THz 

pump profile is shown in the top frame for reference. Time domain difference 

between probe pulse in full THz pump illumination and attenuated illumination as 

function of pump-probe time delay, (b) air reference, (c) high resistivity silicon 

sample, and (d) lightly doped silicon sample.  

Time domain nonlinear signals, which are the differences between 

transmitted probe pulses with full pump illumination and attenuated 

illumination (Eprobenonlinear�t − τpp� = EprobeHP �t − τpp� − EprobeLP (t−

τpp)) in a high resistivity silicon sample and a lightly doped silicon 

sample are shown in Fig. 2.9(c, d). τpp is the pump-probe delay time. In 

the case of HR Si sample, the nonlinear signal induced by a THz pump 

is almost nonexistent. There is only a very weak nonlinear signal near 

the peak of the probe pulse which stays even after the several ps’s after 

the THz pump peak (see the red circle in (c)). This weak signal is 

(a) (b)

(c) (d)
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attributed to higher absorption by free carriers generated by THz-induced 

impact ionization. The details are covered in subsequent chapters. An 

example of a THz-induced nonlinear signal is observed in n-type lightly 

doped silicon sample. It can be observed that near pump probe delay time of 

zero, there is strong red and blue regions (see the red arrows (d)) which do 

not appear in high resistivity silicon. This nonlinear signal is attributed to 

hot-carrier effects and intervalley scattering which are reported by other 

authors [7], [70], [71]. As electrons are accelerated by the THz field beyond 

the energy differences of different valleys, they scatter into the side-valleys 

which have different electrons mobility due to the different effective masses. 

In silicon, electrons scattered into the side-valley have more effective mass 

and consequently lower mobility or higher transmission. This process 

happens in time spans in the order of a picosecond. This is in agreement with 

our observation in the pump-probe scan where the nonlinear signal has time 

span comparable to the THz pulse (see Fig. 2.9(d)).   

In conclusion, generation mechanisms of an intense THz pulse, 

primarily by optical rectification in LiNbO3 crystal, are discussed briefly. A 

Coherent detection method, where amplitude and phase of a THz pulse are 

measured by electro-optic effect in ZnTe, is also discussed. Field 

confinement by metallic dipole antenna arrays has been shown 

computationally shown to generate extremely strong electric fields of several 

MV/cm in the hot spots near the antenna tips. Finally optical setups that 

employ intense electric fields to investigate nonlinear effects in 

semiconductors and a way to isolate a nonlinear signal have been described. 

Results obtained with these setups are presented in the subsequent chapters.  
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Chapter 3 

THz-induced impact ionization in high 
resistivity silicon 

The observation of ultrafast impact ionization (IMI) and carrier generation 

induced by extreme sub-picosecond THz electric field pulses in high 

resistivity silicon (HR Si) is discussed in this chapter. Investigations are 

conducted by transmission THz-TDS which is discussed in section 2.5. 

Local terahertz electric fields of several MV/cm are obtained by field 

enhancement in the near field of a resonant metallic antenna array. The 

carrier multiplication is probed by the frequency shift of the resonance of the 

antenna array due to a change of the local refractive index of the substrate.  

3.1 Introduction 

Impact  ionization is a carrier multiplication mechanism where energized 

conduction band electrons or holes in the valence band scatter with bound 

electrons to generate new electron-hole pairs [72]. In this process the free 

carriers need to be energized beyond the bandgap energy of the 

semiconductor so that they can transfer sufficient energy to lift the bound 

electrons to the conduction band. A possible impact ionization path way on 

band structure of silicon is depicted in Fig. 3.1. An external electric field, 

such as an intense THz pulse, energizes conduction band electron (process 

1). During impact ionization scattering of the energetic electron with bound 

electron, the energetic electron losses it energy (process 2) and the 

conduction band electron is lifted to the conduction band (process 3) leaving 

behind a free hole. This schematic is a very simplified representation. Other 

physical processes are also involved that influence the field interaction. For 
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example, free carriers can scatter with lattice vibrations and dissipate energy 

before reaching impact ionization energy. The balance between acceleration 

of carriers and dissipation of energy plays an important role in the impact 

ionization dynamics.  

 
Figure 3.1. Possible impact ionization pathway on band structure of silicon. External 

electric field, such as THz pulse, accelerates conduction band electrons (1). 

Collision between energetic electron with bound electron in the valence band 

transfers energy from the energetic electron to valence band electron (2). This can 

create new electron-hole pair (3). The band structure is adapted from [75]. 

The impact ionization process continues in a cascaded manner in the 

presence of an external field such that a significant density of carriers can be 

generated. In the presence of a strong electric field the instantaneous 

potential energy in a semiconductor can also drop significantly over atomic 

distances, facilitating field-induced interband Zener tunneling [20], [73], 

[74]. This process can also generate a large density of carriers on ultrashort 

time scales. The two carrier generation mechanisms occur on a femtosecond 

time scale, and in many cases, it is difficult to identify the dominant carrier 

generation mechanism in a definitive manner. 
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Impact ionization in silicon has been investigated extensively [76]–[81]. 

So far experimental investigations of IMI are based on transport 

measurements with static electric field bias in doped p-n junction devices. 

These investigations are limited in electric field to sub-MV/cm due to 

heating and avalanche breakdown.  Using ultrashort electric field pulses 

instead of static fields reduces the heating effect significantly and allows 

investigations of IMI in extreme electric fields in the MV/cm regime. 

Recently, intense THz pulses enabled investigations of impact ionization by 

purely optical methods in GaAs, InSb and InAs [26], [82]–[85]. It has been 

shown that extraordinary carrier multiplication through IMI has been 

possible with THz pulses where the photon energy is much smaller than the 

bandgaps of the semiconductors.  In the case of silicon, THz photon energy 

is approximately 1/270 times smaller than the bandgap.  

The possibility of applying a THz bias in a non-contact manner reduces 

complexity that arises from contributions from other components of the 

fabricated device and enables investigation of impact ionization in bulk 

semiconductors. In the conventional transport measurements of impact 

ionization from direct current (DC) transport the impact ionization region 

needs to be highly doped to obtain a functional device. Using intense THz 

pulses enables investigation of the dynamics of impact ionization process at 

low initial carrier concentrations, conditions that are not accessible in 

conventional transport measurements.  

The THz electric field required for IMI in silicon is so high that our 

THz source alone is not capable of inducing measurable carrier 

multiplication. For that reason the local electric field is further enhanced by 

utilizing nearfield enhancement of the field provided by a metallic antenna 

array. This enables us to investigate IMI in silicon in a new field regime well 

into the multi-MV/cm. This is important not only for fundamental physical 

understanding of carrier transport in new field regime, but it is also an 
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important demonstration that the effect of IMI should be accounted for 

various THz devices fabricated on silicon at high THz field strengths [24], 

[86], [87] .  

Resonant behavior of the metallic antenna arrays plays another crucial 

role in this study in addition to local field enhancement in the vicinity of the 

dipole antenna. Its resonance frequency shift is used to probe the impact 

ionization process. Antenna theory predicts that the approximate value of a 

resonant frequency 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 of a metallic dipole antenna to be, 

𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑐𝑐

2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿
 , (3.1) 

where L is length of the antenna; c is the speed of light and 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the 

effective refractive index of the substrate [63]. If free carriers are generated 

by THz-induced impact ionization, the refractive index of substrate in the 

vicinity of the dipole antenna changes. The change in the effective refractive 

index of substrate shifts the resonance frequency of the dipole antenna which 

can be measured in a transmission THz-TDS. The change in resonance 

frequency is, thus, used to probe the dynamics and extent of free carrier 

generation.  
 

3.2 Results and discussion 

The sample is placed at the focus of an intense THz field from lithium 

niobate as shown in Fig. 3.2(a) in a setup described in section 2.5.  The 

transmission of the intense THz pulse through the sample is measured for 

several incident THz field strengths. The electric field strength is varied by 

inserting attenuating silicon wafer on the collimated section of the THz beam 

path. The sample consists of antenna arrays made of gold fabricated on high 

resistivity silicon substrate. The HR Si substrate has an intrinsic carrier 

density of approximately 1.5×1010 cm–3 as specified by the supplier (Topsil). 

Antenna dimensions are: length = 80.6 μm, width = 5 μm, and thickness = 
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200 nm. The antenna array has a period of 143.8 6 μm which is optimized to 

maximize field enhancement at resonance frequency of 0.6 THz.   

 To obtain the transmission spectrum of the antenna array, the Fourier 

transform of the transmitted THz transient through the sample is divided by 

that of a bare HR Si reference. It is noted here that no measurable change of 

transmission through bare HR Si is observed even at highest available field 

strengths. Transmission spectrum through the antenna array exhibits a strong 

resonance centered at 0.6 THz at low THz incidence as shown in fig. 3.2 (b). 

The measured resonances are broad and their width is limited by the width of 

the time window of our measurement, which in turn is limited by arrival of 

the Fabri-Perot reflections from the sample, detection crystal and attenuating 

silicon wafers. The resonance frequency of the antenna red-shifts and 

slightly broadens with increasing THz field strength. 

 

 

 
Figure 3.2. (a) Schematic of THz transmission through sample. Antenna array is 

fabricated on the HR silicon surface. (b) Measured spectral THz transmission of a 

gold antenna on a high resistivity silicon substrate for different incident THz peak 

field strengths. The arrow indicates direction of increasing THz field strength. 

Transmission is normalized to transmission through a bare HR Si wafer. The inset 

shows the transmitted THz transient for several incident THz field levels.  
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The change of the resonance frequency is attributed to change of optical 

properties of the substrate induced by the strong THz field. According to Eq. 

3.1 an increase of the effective refractive index of the substrate will result in 

the redshift of the resonant frequency. An accurate evaluation of the 

refractive index change of the substrate in our case is not straight forward 

since its local value depends on the local THz electric field in a nonlinear 

manner. 

To exclude the possibility that the resonant frequency shift is caused by 

changes to the metal antenna itself, we performed the same experiment for 

an antenna array fabricated on insulating fused silica glass. As expected, no 

significant shift of the resonant frequency has been observed in that case, 

even at highest achievable field strengths. As it can be expected in from the 

Drude model, free carrier generation in the HR Si substrate results in change 

of refractive index. At the tips of the antenna, the field strength is sufficient 

for THz-induced field emission of electrons in to the surrounding 

atmosphere as recently reported [23]. To make sure that the free carriers in 

the substrate are not mainly from metal through field-induced tunneling of 

electrons from the gold to substrate or other ways, a thin layer of silica 

isolator (100 nm) is deposited on high resistivity silicon before antenna array 

is fabrication on its surface (see Fig. 3.3(a)). The low field resonance 

frequency of the antenna without the silica isolator is 0.84 THz. It is also 

observed that the resonance frequencies of the antenna with silica isolator 

shift to higher frequencies as depicted in Fig. 3.3(b) (blue curves). This is 

because the effective refractive index that the antenna sees is lower due to 

low refractive index of silica in comparison to silicon. However, the 

magnitudes of the resonance frequency shifts measured with and without 

antenna isolator are comparable which supports that there tunneling of free 

carriers from the metal antenna to the substrate is not the main source of free 

carriers in the substrate.  
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Figure 3.3. (a) Silica isolator to block possible tunneling of free carriers from gold to 

the HR silicon substrate. (b) Normalized spectral transmission of antenna array 

fabricated on high resistivity silicon with and without 100 nm silicon isolator. 

Arrows indicate direction of resonance field at high electric field strength.   

The change in resonance frequency by generation of free carriers is 

reproduced with full-wave simulations with commercial software (CST 

microwave studio) by modifying the refractive index of HR Si locally in the 

vicinity of the antenna tips. The change of refractive index is limited to a 

volume of the region where the peak THz field strength is larger than a 

certain threshold value Eth. To maintain consistency with the measurements, 

a measured THz transient is used as an input in the simulation and the solver 

duration is also kept at the same length as the measurement time window (15 

ps).  In order to keep the simulation tractable it is assumed that the refractive 

index change is constant if the field strength is greater than the threshold 

value Eth and negligible in the substrate regions with THz electric field 

smaller than the threshold. A Drude model is used to analyze the dielectric 

properties of the substrate near antenna tips as a function of  carrier density 

with parameters adopted from Willis et al. [88]. Even though it is difficult to 

determine the local refractive index change, it is still possible to determine 
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the average refractive index change of the substrate near the antenna tips. 

Figure 3.4 shows transmission spectra simulated with various refractive 

index changes that correspond to same shift as measurements from Fig. 3.3. 

Our simulations show that the average refractive index in the vicinity of the 

antenna needs to increase by 4 to match the resonant frequency shift 

measured in the experiments for an input field of 251 kV/cm. The imaginary 

part of the refractive index also changes in the vicinity of the antenna tips. 

However, our simulations show that change of the imaginary part of the 

refractive index only does not result in a shift of the antenna resonance 

frequency and it is therefore not discussed in detail.  

The observed refractive index change of the substrate can be explained 

by field-induced generation of free carriers. The refractive index of silicon as 

a function of carrier concentration is calculated using the Drude model with 

parameters reported by Willis et al. [88]. At a frequency of 0.6 THz (the 

resonance frequency of the antenna), the local carrier concentration is 

estimated to be more than 1017 cm-3 in order to reproduce the refractive index 

change at an incident THz field of 251 kV/cm. This is seven orders of 

magnitude larger than the intrinsic carrier concentration of the undoped high 

resistivity silicon substrate (1.5 × 1010 cm-3 as specified by the supplier). 

These shows that THz pulses enable switching of the conductivity of silicon 

on an ultrafast time scales (sub-picosecond). 

Comparing Fig. 3.2 and 3.4 we clearly see that the transmission spectra 

of the antenna array are well reproduced by the simulations. Our 

measurements show that at high electric field the transmission resonance is 

slightly broader and the resonance is not as strong as low electric field 

resonance. This behavior is not observed in the simulations. This is expected 

in the simulations since a uniform plane wave source is used and an infinite 

number of antennas experiencing the same field strength. In actual 

measurements the THz beam extends only over a limited number of antennas 
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(~9 antennas) which will experience various field strengths depending on 

their location with respect to the profile of the THz beam. That means the 

observed shape and strength of the transmission resonance is a cumulative 

effect of several antennas with different resonance shifts which results in a 

resonance broadening.  
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Figure 3.4. Simulated transmission of an antenna array on HR silicon as function 

of frequency. Δn is the change in refractive index of the substrate region where 

the peak field strength is higher than the threshold value Eth. The inset on the left 

shows the local substrate region where refractive index is changed by 4.0. The 

inset on the right shows the corresponding transmitted THz transient calculated 

inside the silicon substrate.  
 
From the transmission measurements of the antenna arrays, it is found 

that that the minimal peak electric field of the incident THz wave required to 

observe measurable frequency shift of the resonance is approximately 19 

kV/cm for the front illumination (see Fig. 6). The numerical simulation 

results show that the antenna with resonant frequency of 0.6 THz enhances 

the THz field locally by more than 30 times (time domain enhancement) 
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relative to the input reference field. Thus, the actual local threshold peak 

electric field strength, Eth for resonance frequency shift is estimated to be 

570 kV/cm. This threshold is significantly higher than the 200 kV/cm 

required for impact ionization in silicon with a static field [80]. It is expected 

that that impact ionization in silicon can still happen in the presence of a 

THz source with field strength less than 570 kV/cm. However, the number 

of carriers can be insufficient and limited only to a small region near the 

antenna tips to cause an appreciable shift in the resonance frequency of the 

antenna.    

3.3 Comparison of front and back THz 
illuminations  

The resonant frequency shift of the antenna array with respect to low THz 

field strength transmission as a function of incident THz field strength is 

plotted in Fig. 3.5, both for THz transients illuminating the sample from the 

antenna side (front illumination) and from the substrate side (back 

illumination). It is apparent that the resonance frequency shift is larger for 

back illumination than for front illumination for a given incident field 

strength. The ratio of the field strengths between front illumination and back 

illumination that result in the same resonance shift is shown in the right 

panel of Fig. 3.5. The measured ratio is consistent with our theoretical 

prediction presented below. 
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Figure 3.5. (a) THz illumination from antenna side (front illumination) and from the 

substrate side (back illumination). (b)Measured resonance frequency shift of an 

antenna array as a function of incident THz field strength for front and back 

illumination. The ratios of field strength that give same resonance shift are shown as 

triangles on the right. The curves are included for visual aid. The green dashed line 

indicates the theoretically expected value for HR Si substrate. 

It is clear from Fig. 3.5 that the resonance frequency of the antenna 

array depends on the direction of illumination of the sample. The increase of 

the local electric field when illuminated from the substrate side as compared 

to a direct illumination from the antenna side is somehow counterintuitive. 
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One could at first glance expect that the Fresnel reflection loss on the air-

substrate interface 2/(𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠 + 1), where 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠 is the refractive index of the 

substrate, would reduce the field enhancement in the case of back 

illumination. But as it is shown below other factors provide extra 

enhancement on the substrate-antenna interface which result in an increase 

of the local electric field. The observed increase is neither a result of etalon 

interference effects in a substrate with finite thickness (consecutive 

reflections in the substrate are well separated in time) nor the effect of 

focusing THz beam into smaller spot inside material with high refractive 

index (substrate is too thin). In a simple air-dielectric-air configuration 

electric field on the air side in a close proximity to the surface can be 

expressed as 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑖𝑖 + 𝐸𝐸𝑟𝑟 = 𝐸𝐸𝑖𝑖 + 𝐸𝐸𝑖𝑖(1 − 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠)/(1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠) (front 

illumination) and 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑡𝑡 = 𝐸𝐸𝑖𝑖 ∙ 4𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠/(1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠)2 (back illumination) 

where 𝐸𝐸𝑖𝑖 is the incident electric field, 𝐸𝐸𝑟𝑟 is the reflected electric field, and 

tE  is the transmitted electric field. On the dielectric side of the interface, 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑡𝑡 = 𝐸𝐸𝑖𝑖  . 2/(1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠), 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑡𝑡 + 𝐸𝐸𝑟𝑟 = 𝐸𝐸𝑖𝑖[1 − (1 − 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠)/(1 +

𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠)] ∙ 2/(1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠) for front and back illuminations respectively. Both equations 

hold as long as the distance to the surface is much shorter than the 

wavelength inside considered material. In both cases electric field is higher 

for back illumination with a field ratio of, 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

2𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠 + 1

> 1 (3.2) 

 

The presence of metal structures on the substrate complicates the situation 

somewhat. But consideration of the induced current by the antenna shows 

that the current in the antenna with back illumination is also enhanced by a 

factor of 2/(𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠 + 1) in comparison to the front illumination as described 

below. The effective surface current 𝐽𝐽 on a dielectric-metal interface can be 
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expressed by 𝚥𝚥 = 𝑛𝑛�⃗ × 𝐻𝐻��⃗ || [89]. The current is directly proportional to the 

magnetic component of the electromagnetic wave parallel to the surface 𝐻𝐻��⃗ ||  

(the perpendicular component at the metal surface is 0). In the case of a 

perfect electric conductor, 𝐻𝐻��⃗ || = 2𝐻𝐻𝑖𝑖  where Hi is the incident magnetic field. 

In the dielectric material, 𝐻𝐻𝑖𝑖 = 𝑘𝑘0 ∙ 𝑛𝑛 ∙ 𝐸𝐸𝑖𝑖. When the Fresnel reflection loss 

2/(1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠) at the back substrate is included, we directly see that,  

𝐽𝐽𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐽𝐽𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
=

2𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
1 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠

. (3.3) 

To verify those analytical predictions a numerical frequency domain 

simulation of the electric field enhancement in the vicinity of the resonant 

metal antenna tip is performed for various refractive indices of the substrate 

for the front and back illumination, see Fig. 3.6. It is clear that the simulation 

result is identical to the theoretical prediction.  
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Figure 3.6. Ratio of the field enhancement at a distance of 1 μm from the tip of the 

antenna for the back and front illumination. 
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3.4 Temperature-dependent measurements  

To find the main physical mechanism for the significant carrier generation, 

we have measured the temperature-dependent resonance shift for an antenna 

array of resonance frequency 0.9 THz. First we vary the incident THz field 

strength on the sample at temperatures of 10 K and 300 K. The result shows 

that resonance shift is larger for low temperature at all incident field values 

as shown in fig. 3.7(a).  We also measured the resonance shift as a function 

of temperature in a range from 10 K to 300 K as shown in fig. 3.7(b). The 

measurement shows that the resonance shift, which indicates the level of 

generated carriers, decreases slightly with increasing temperature. Thus, the 

carrier generation rate reduces at higher temperature.  

Two physical processes are known to generate high carrier density in 

semiconductors, namely Zener tunneling and impact ionization. Zener 

tunneling is a pronounced phenomenon in direct bandgap semiconductors 

[27], [90].  Since it is a momentum-conserving process, tunneling occurs 

between equal wave vector points. As silicon is an indirect bandgap material, 

Zener tunneling is strongly quenched and it must involve scattering 

processes such as phonon scattering that compensates the Γ and Χ wave 

vector-mismatch. In the absence of compensating phonon the barrier 

potential needs to be lowered significantly as the direct bandgap of silicon is 

high (> 3.2 eV) which requires extremely high electric field. A phonon-

assisted band-to-band tunneling can occur at field strengths much higher 

than impact ionization threshold [91]. Since the phonon density increases 

with increasing temperature, the carrier generation rate should be increased 

at high temperature had Zener tunneling been the dominant mechanism of 

carrier generation. Moreover, the bandgap of silicon is reduced at high 

temperature [92] which should additionally increase the tunneling rate. 

These trends contradict our temperature dependent measurements.  
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Figure 3.7.  (a) Measured resonance frequency shift of an antenna array as a function 

of incident THz field strength at temperatures of 10 K and 300 K. The blue and the 

red curves are included for visual aid. (b)The resonance frequency shift of an 

antenna array as a function of temperature for an incident THz field of 213 kV/cm. 

The dark blue line is a linear fit.  

On the other hand, the decrement of THz-induced carrier generation 

with increasing temperature is in agreement with earlier reports of the 

temperature dependence of impact ionization rates in silicon [80], [93]. With 

rise of temperature, electron-phonon scattering is enhanced and the 

population of electrons that can reach the impact ionization threshold energy 

before electron-phonon scattering is reduced. To roughly approximate the 

carrier generation rates by impact ionization and phonon-assisted Zener 

tunneling, carrier generation rates at a representative static electric field of 

(a)  
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0.6 MV/cm reported earlier are compared. The carrier generation rate is in 

order of 1013 cm-3s-1 [91] for Zener tunneling and 1021 cm-3s-1 for impact 

ionization. The carrier generation rate for impact ionization is estimated 

from impact ionization rate reported by Grant [80] and a drift velocity 

reported by Ershov et al. [93]. Thus, we can identify impact ionization as the 

main cause of the significant carrier generation that we observe.  

Since silicon is an indirect semiconductor, unlike GaAs, impact 

ionization involves a large momentum change. The need to conserve 

momentum reduces the probability of impact ionization, which therefore 

requires a strong electric field. More than 23 impact ionization events are 

needed to increase the carrier density by seven orders of magnitude as we 

estimated. A simplified numerical simulation of electron ballistic 

acceleration in the presence of THz electric field is performed. Our 

simulation shows that a single electron can acquire sufficient kinetic energy 

(1.8 eV) [76], [78] to induce impact ionization much faster than electron 

scattering time (110 fs) [88] and that the duration of THz pulse is more than 

sufficient to reach 23 impact ionization events. 

3.5 Conclusion 

In summary, a combination of an intense THz field and an additional field 

enhancement provided by a metal resonant antenna allows investigation of 

impact ionization in high resistivity silicon in a multi-MV/cm field strength 

range. In the presence of an intense THz field, the resonance frequency of 

the metal antenna array redshifts, which is attributed to a change in the 

refractive index of the substrate due to the substantial generation of free 

carriers. Experimental results and simulations show that this extremely 

nonlinear THz-matter interaction increases carrier density in silicon by over 

seven orders of magnitude in the presence of an intense THz field near 

antenna tips.  
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The resonance shift of the antenna array is measured for several field 

strengths for THz illuminations from the substrate side and from the antenna 

side of the sample. The enhancement of the nonlinear process for back 

illumination in comparison to front illumination is demonstrated which 

confirms our theoretical prediction. This explanation of a simple observation 

shows that the orientation of the sample can be highly beneficial for wide 

ranges of nonlinear phenomena at interfaces between dielectrics. While the 

antenna resonance shift is shown to be an effective tool to probe impact 

ionization in silicon, the possibility to modulate the resonance frequency 

dynamically on ps time scales will have important implications for future 

ultrafast THz communication systems.  
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Chapter 4 

Time-resolved investigation of impact 
ionization dynamics in silicon 

4.1 Introduction 

Carrier multiplication through impact ionization (IMI) plays an important 

role in efficient photovoltaic nano-materials [94], [95], electroluminescent 

emitters [96], and highly sensitive photon detectors [97]. IMI in extremely 

high electric fields is also essential to understand the physics of laser 

ablation [98]–[100] and high harmonic generation [21], [101], [102]. With 

semiconductor devices shrinking to nanoscale dimensions, devices with a 

gate voltage of 1 V experience high electric fields beyond 1 MV/cm. 

Simultaneously cutoff frequencies of modern electronic devices are being 

pushed to the terahertz (THz) range [32], [103], [104]. Under such 

conditions, carrier-initiated impact ionization in conjunction with Zener 

tunneling and intervalley scattering become critical factors affecting 

nonequilibrium charge transport beyond the Boltzmann transport equation. 

Thus, carrier multiplication effects on nonlinear transport need to be fully 

understood on the femtosecond timescale.  

The investigation of carrier multiplication effects in high electric field 

is particularly important in silicon which is the most important 

semiconductor in microelectronics and optoelectronics. Previous 

experimental studies of impact ionization in silicon, which are based on 

transport measurements with static electric field bias [80], [81], [105], have 

been performed in highly doped p-n junction devices. High doping is 

required to allow current measurement in a working p-n junction device. 
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This limits the possibility to vary the initial carrier density, a parameter that 

influences impact ionization dynamics significantly. 

 It is discussed in chapter 3 that extremely strong electric fields can be 

applied in a noncontact manner by applying THz electric fields. This enables 

investigation of impact ionization without the need to fabricate a working p-

n junction device. By applying an optical pulse along with the THz electric 

field, it is possible to vary the initial carrier density, allowing the 

investigation of impact ionization over a wide range of initial densities of 

carriers.  

In this chapter the time-resolved impact ionization dynamics in silicon 

induced by strong fields in MV/cm is discussed. The impact ionization 

dynamics is investigated over a wide range of initial densities of carriers by 

controlled generation of free carries with an optical pump before arrival of 

the THz field. Two complementary techniques are used for the investigation 

of the time-resolved dynamics in a pump-probe scheme. The first 

experimental investigation involves impact ionization induced by the strong 

THz field (THz pump) and the initial density of carriers is varied by a pre-

arriving optical pump. In this experiment the local carrier generation 

dynamics is monitored by measuring the reflectivity change of a tightly 

focused near-infrared (NIR) beam. This technique allows a direct access to 

the carrier density evolution by simply measuring the NIR reflectivity. The 

second investigation technique is the THz pump-THz probe experiment 

where a dynamically delayed weak THz probe is transmitted with the strong 

THz pump to examine the carrier generation dynamics. This technique is 

based on monitoring of dielectric property of silicon in the THz spectral 

range due the generation of free carriers. The change of dielectric constants 

at THz frequencies is much larger than the corresponding change at NIR 

frequencies at a given carrier density. This means THz probing is more 

sensitive than the NIR probing allowing a measurement of lower changes in 
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the carrier densities. However, the dielectric property change in THz probe is 

indirectly measured from antenna resonance frequency shift which make the 

analysis.  

The experimental results of the two techniques are presented in two 

parts. First, the THz/optical pump-optical probe measurement results are 

described. The experiment is done at Prof. Tanaka’s lab at Kyoto University, 

Japan. A simplified Monte Carlo (MC) simulation is implemented to 

elaborate the measurement results. The MC simulation clarifies IMI 

dynamics and the physical processes that influence the dynamics. In the 

second part the result of THz pump-THz probe measurements are explained. 

A harmonic oscillator model that accounts the resonance frequency shift is 

formulated to interpret the carrier generation dynamics from the pump-probe 

scans.  

4.2 THz/optical pump-optical probe 
measurements  

4.2.1 Experimental setup 

The schematic of THz/optical pump-optical probe experimental setup is 

shown in Fig. 4.1(a). An amplified Ti:sapphire laser output (repetition rate 1 

kHz, central wavelength 800 nm, pulse duration 100 fs, and pulse energy 4 

mJ/pulse) is used as the light source for the intense THz generation by 

optical rectification in a LiNbO3 crystal by a tilted-pump-pulse-front scheme 

[12]. The THz pulse is tightly focused on the sample by using an off-axis 

parabolic mirror with a 50 mm focal length. However, the maximum THz 

field in most of the measurements is limited below 500 kV/cm to avoid 

sample damage. The incident field strength is varied by changing the angle 

between two crossed wire-grid polarizers. 
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Figure 4.1. (a) A schematic of the pump-probe setup used to investigate the THz-

induced impact ionization dynamics in silicon. CCD image of a unit cell of the 

antenna array with bright probe spot is shown in the inset (dashed circle). (b) 

Calculated local electric field enhancement profile near the antenna tip. (c) Carrier 

transitions on Si band structure: (1) interband transitions by optical pump, (2) L-to-

X intervalley scattering and (3) carrier multiplication through impact ionization. 

The sample is a high resistivity silicon (intrinsic carrier density of 

1.5×1010 cm–3) where metallic dipole antenna arrays are fabricated on its 
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surface by the conventional photolithography. The dimensions of the 

antenna are: length = 64 μm, width = 5 μm, thickness = 0.2 μm and period = 

115.3 μm. The resonance frequency of the antenna is 0.75 THz. CCD image 

of a single antenna is indicated in Fig. 4.1(a). Full-wave electromagnetic 

wave simulations show that metallic dipole antennas in an array 

configuration [66] enhances the peak electric field in the vicinity of antenna 

tips, leading to a maximum peak electric field of 3.6 MV/cm inside silicon at 

a distance of 1 μm from the metal tip. The simulated local electric field 

enhancement profile is shown in Fig. 1(b). 

The intense THz field is incident from the substrate side of the high 

resistivity silicon (100) where the antenna arrays are on the opposite surface. 

THz illumination from the substrate side allows the probe beam to be 

applied at a normal incidence. Additionally, illumination from the substrate 

side results in a higher electric field inside silicon as compared to the front 

illumination as discussed in chapter 3. To monitor the carrier generation 

dynamics with a controlled initial density of carriers, a near ultraviolet 

(NUV) pump pulse (400 nm) is used to generate free carriers before the 

arrival of the THz pulse. The NUV pulse is generated by frequency doubling 

in a nonlinear beta barium borate (BBO) crystal and is focused on the sample 

to a diameter of approximately 45 μm at an incident angle of 45o. The large 

cross-sectional area compared to the probe spot size minimizes the effect of 

carrier ambipolar diffusion parallel to the sample surface on the probe signal. 

The temporal evolution of the carrier density is probed quantitatively by the 

transient reflectivity change of a weak near-infrared (NIR) pulse. The NIR 

probe is tightly focused on the sample to a diameter of approximately 2 μm 

using an objective lens. The spatial location of the probe pulse in the vicinity 

of the metallic antenna is monitored by a CCD camera (See inset of Fig. 

4.1(a)). The reflected NIR probe is detected by a photodetector and data 

averaging is done using a boxcar integrator. 
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Figure 4.2. NIR reflectivity change with an NUV and THz excitations at various 

incident field strengths for initial density of carriers of, (a) 1.5×1010, (b) 1.3×1019, 

and (c) 9.5×1019 cm-3. Color-coding of the incident THz field strength is the same in 

all panels. 

Possible transitions of carriers on the band diagram of silicon in the 

presence of NUV and THz excitations in the respective temporal order are 

depicted in Fig. 4.1(c). The photon energy of the NUV pump pulse (3.1 eV) 

is close to the bandgap near the L symmetry point (the smallest direct band 

gap), so interband transitions (process 1) result in electrons in the L-valley. 
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Then electrons undergo L-X intervalley scattering (process 2) with a time 

constant of 180 fs [106]. The electron distribution is thermally equilibrated 

with the lattice via phonon scattering within less than 2 ps [106]–[108]. The 

THz electric field is parallel to the [110] direction and accelerates 

conduction band electrons. Collision of energized electrons with valence 

band electrons results in new electron-hole pairs (process 3) – impact 

ionization. Possible phonon-assisted interband transition by the probe pulse 

is shown as process 4. 

4.2.2 Measurement results 
The relative NIR reflectivity changes ( /R R∆ ) for several incident electric 

fields are shown in Fig. 4.2 for initial carrier densities (Ni) of 1.5×1010, 

1.3×1019, and 9.5×1019 cm-3. In Fig. 4.2(a) the NUV pump is blocked and the 

initial carrier density is equal to the intrinsic carrier density of the silicon 

substrate. In this case, the THz-induced reduction of the NIR refractive index 

is Δn = 9×10–3. Nonlinear effects such as free carrier generation, state filling 

and linear thermal effects can cause a change of the refractive index of 

silicon. Our estimation based on lattice heating model sets an upper limit on 

temperature rise by THz-induced heating of 10 K, which would correspond 

to an increase of reflectivity of 10−3 [109]–[111] contrary to the decrease in 

reflectivity that is observed in the measurements. Thus, the observed 

reduction in NIR reflectivity is attributed to free carrier generation. 

The first decrease in reflectivity near t = 2.5 ps in Fig. 2(b) and (c) is 

due to carrier generation by the NUV pre-pump. The reflectivity drop 

reduces with probe delay time especially for highest initial carrier density 

due to carrier diffusion and Auger recombination. The penetration depth of 

the NUV pump is only about 80 nm in silicon and diffusion of carrier away 

from the surface reduces carrier density near the surface, subsequently 

reducing the NIR reflectivity change. The second drop in reflectivity near t = 
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9.5 ps overlaps with the THz pulse and is caused by free carrier generation 

by the THz pulse.  

Considering that free carrier generation is the source of the change of 

NIR reflectivity, the corresponding change in density of carrier can be 

calculated by applying the Drude model. The exact relationship between 

change of reflectivity and carrier density is derived below. The reflectivity 

and refractive index are related as,  

𝑅𝑅 = �
𝑛𝑛 − 1
𝑛𝑛 + 1

�
2
 (4.1) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 4 
𝑛𝑛 − 1

(𝑛𝑛 + 1)3 (4.2) 

Where R is reflectivity and n is real index of refraction. For small changes of 

index of refraction Δ𝑛𝑛, the relative change of reflectivity can be written as, 

ΔR
𝑅𝑅

=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
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In the Drude model the dielectric permittivity is given by,  
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At the NIR probe frequency, it can be assumed that 𝜔𝜔 ≫ 1/𝜏𝜏 and 𝛥𝛥𝛥𝛥 ≪

𝛥𝛥𝛥𝛥 ≪ 𝑛𝑛 and Eq. 4.8, can be simplified as,  

Δ𝑅𝑅
𝑅𝑅

= −
2𝑁𝑁𝑒𝑒2

𝑛𝑛𝑜𝑜𝑚𝑚∗𝜖𝜖𝑜𝑜𝜔𝜔2
1

𝑛𝑛𝑜𝑜2 − 1
  (4.9) 

where N is the charge carrier density, e is the electronic charge, m* is the 

effective mass of free charge carriers, 𝜔𝜔 is the angular frequency ,  𝜖𝜖∞ is 

background dielectric constant, 𝜖𝜖𝑜𝑜 is the dielectric permittivity of vacuum, 

0n is the refractive index of substrate without excitation or at its intrinsic 

carrier density. The evolution of the carrier density is evaluated from the 

reflectivity change using effective optical mass,  m* = 0.156me (me is the 

electronic mass), and a refractive index at intrinsic carrier concentration no = 

3.68 [108], [109], [112]. To minimize any coherent nonlinear effects 

occurring at the overlap between the THz pump pulse and probe pulse, we 

perform all the carrier density calculations at least 1.5 ps after the THz peak. 

At this time, the electrons will be thermalized with the lattice and the effect 

of electron temperature on reflectivity is minimized. In the case of intrinsic 

initial carrier concentration (Fig. 4.2(a)), a salient drop of reflectivity occurs 

due to the THz pulse excitation without photo excitation. An Estimation 

from the change of refractivity shows that carrier density increases by more 

than eight orders of magnitude.   
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Figure 4.3. (a) Comparison of the dynamics of the reflectivity change between the 

MC simulation and measurement for Ni = 1.3×1019 cm−3. Carrier multiplication 

factor as a function of the incident electric field E for several initial densities of 

carriers, (b) measurement, (c) Monte Carlo simulation. Carrier multiplication factor 

means the ratio of densities of carriers after and before the THz pulse. 

4.2.3 Monte Carlo simulations 

To elaborate physical process of the carrier generation mechanism a Monte 

Carlo (MC) simulation is performed. In the simulation an electron is 

propagated in a linearly polarized THz field. Since it is not possible to 

measure the local electric field near the antenna tips, the local THz field 

strength is used as the only fitting parameter in the simulation. The electric 
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field strength is adjusted in the simulation such that the ratios between 

carrier density after and before THz (carrier multiplication factor, CM) in the 

measurement and simulation fit best.  An electron is accelerated in the THz 

field and the temporal evolution of its energy ( )e te  is calculated in steps of 

0.1 fs. At every step, the scattering rates of different scattering mechanisms 

are calculated taking into account the density of free carriers and the electron 

energy. The scattering rates as a function of electron energy and carrier 

density are taken from literature. The total scattering rate is given by 

( , ) ( ) ( ) ( )tot e ph e eh imi eN Nγ e γ e γ γ e= + + , where ( )ph eγ e  is the energy 

dependent phonon scattering rate [113], ( )eh Nγ   is the carrier density-

dependent electron-hole scattering rate [111], and ( )imi eγ e  is the electron 

energy-dependent impact ionization rate [78].  

The scattering rates for each mechanism are used determine the scattering 

probabilities which in turn determine the scattering event that the electron 

undergoes. If the electron scatters with a hole, the electron loses its energy 

and it will have only a thermal energy. The direction of the electron is set to 

be random after scattering with the hole.  Scattering of an electron with a 

phonon makes the electron move in a random direction. Phonon energy is 

typically low and it does not reduce the electron energy significantly. So in 

the simulation electron energy is maintained after scattering with a phonon. 

If impact ionization happens to be the scattering event, the number of 

electrons doubles as the process generates new electron and hole.  

The density of carriers is dynamically upgraded during the simulation 

by considering the contributions of Zener tunneling, Auger recombination 

and impact ionization according to the following equation,  

( ) ( ) ( , ) ( ( ) ( ))e tot Auger Zener inN t N t dt N E dtξ e ggg  = − + +  (4.10) 
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where ξ  is a stochastic parameter that depends on whether impact ionization 

happens or not. It has a value of 2 if impact ionization happens and 1 

otherwise. Zenerγ  is the sum of direct and indirect band-to-band tunneling 

rates [91] and the Auger recombination rate is given by 
3( ) ( )Auger e hN C C Ng = − +  where ,e hC C  are Auger coefficients for e-e-h 

and e-h-h processes, respectively [114]. In the MC simulation 2128 electrons 

are simulated and the average of simulated parameter outputs from the 

simulated electrons is taken as the final value. The number of electrons is 

good enough to get reproducible output (acceptable convergence is 

achieved) while not being computationally time consuming. 

With the buildup of free carriers generated by impact ionization, 

electric field screening reduces the local electric field inside the silicon 

substrate. The macroscopic effect of field screening translates to the 

modification of dielectric permittivity of the silicon. Thus, the screening 

effect is considered by dynamically calculating the refractive index and 

estimating the transmitted electric field into the silicon substrate with the 

Fresnel law. 

The reflectivity dynamics in the MC simulation and the measurement 

for Ni = 1.3×1019 cm−3 and full THz illumination is shown in Fig. 4.3(a) 

where it can be seen that carrier generation happens within the sub-

picosecond duration of the THz pulse. The dependence of the CM factor on 

incident field in MC simulations and the measurements for several initial 

carrier concentrations are depicted in Fig. 4.3(b) and (c). Even though the 

simulation is simplified that it does not take into account the full band 

structure of silicon, the field and initial carrier density dependence of CM are 

reproduced. 
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4.2.4 Discussion of the impact ionization dynamics  
To elaborate the impact ionization dynamics in the conventional platform, 

the widely used impact ionization coefficient, α which is defined as the 

number of IMI events per unit length, is calculated. The IMI coefficient is 

determined as a function of the electric field strength from the CM factor as 

ln(CM) / ( )nv tα = ∆ [80] where nv  is the drift velocity of an electron, and 

t∆  is the duration of the THz induced reflectivity drop. The measured 

log( )α  vs 1 / inE  is shown in Fig. 4.4(a) along with commonly cited 

experimental data, obtained by measurement of direct current (DC) 

amplification in p-n junction devices [80], [81]. Even though the 

measurement methods and type of excitation are different, the field 

dependence of IMI in optically doped measurements agrees very well with 

previous measurements, especially for the highest initial carrier density. The 

impact ionization region in the p-n junction diodes were highly doped with 

comparable initial carrier density set by our optical excitations.  

The log( )α  vs 1 / inE  is well represented by a linear fit which shows that 

the exponential model of impact ionization field dependence by Chynoweth 

[105] is valid for ultrashort electric field pulses in the MV/cm regime. In the 

model the impact ionization coefficient is expressed as,  

exp( / )inb Eα α∞= − ,  (4.11) 

where α∞  and b  are constants.  

As the initial carrier density decreases, the IMI coefficient increases for 

a given electric field. In the case of intrinsic initial carrier density, the IMI 

coefficient of up to 3×106 cm−1 is obtained experimentally (purple open 

circles in Fig. 4.4(a)) that approaches  the fundamental Okuto limit imposed 

only by energy conservation (blue dotted curve Fig. 4.4(a)) [115]. Such a 
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high IMI coefficient at low initial carrier density is more than one order of 

magnitude larger than simple extrapolation of previously reported values 

[80], [81]. At the intrinsic initial carrier density, only a single electron is on 

average found in the region of the high field of the antenna tip in a volume 

of 7×3×2 μm3. Thus, based on the observed reflectivity change (Fig. 4.2(a)), 

a population of 9.3×108 free electrons is generated within a few hundred fs at 

the highest field of our experiments, corresponding to an ultrafast cascade of 

29 IMI events.  

Figure 4.4(b) shows the IMI coefficient dependence on the initial 

carrier density at a fixed THz field (full THz illumination). To understand 

the physical mechanism of the initial carrier dependence a MC simulation is 

performed by selectively switching different physical processes that 

influence the IMI. In a simplistic case where only electron-phonon scattering 

is included (without Auger recombination, electron-hole scattering and field 

screening), the IMI coefficient is nearly independent of initial carrier density 

(orange curve in Fig. 4.4(b)). Inclusion of Auger recombination reduces the 

ionization coefficient (green curve) by more than an order of magnitude at 

the highest initial carrier density considered here. In these conditions (the 

final density of carriers is on order of 1020 cm−3) Auger recombination 

competes with impact ionization by depleting carriers effectively [116]. 

Further reduction of the IMI coefficient is seen by including the electron-

hole scattering (purple curve in Fig. 4.4(b)) which reduces the energy gain of 

the electrons in the conduction band. Contribution of electron-hole scattering 

to impact ionization is more important at high initial carrier density where 

the e-h scattering rate is higher [111]. In the case of low initial carrier 

densities, e-h scattering limits the impact ionization process only after a high 

carrier densities have been generated, and consequently, its contribution is 

smaller. Finally, the inclusion of field screening by free carriers (local 

reduction of the incident electric field due to an increase in the dielectric 
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constant at THz frequencies) in the MC simulation (blue curve in Fig. 

4.4(b)) reproduces the measured impact ionization coefficient across more 

than 9 decades of initial densities of carriers.  

 
 

Figure 4.4. (a) Impact ionization coefficient as a function of inverse of electric field 

Ein with linear fits (measurement); experimental results from literature [80], [81] are 

included as dotted, dashed, and dash-dot lines. (b) Impact ionization coefficient as a 

function of initial carrier density from measurements (triangle symbols) and MC 

simulations (lines). 

Comparison of impact ionization coefficients with and without Zener 

tunneling included in the modelling shows that in most cases the 
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contribution of Zener tunneling is too small to affect the IMI coefficient. The 

large direct band gap of silicon (~3.4 eV at Γ  point) requires significantly 

strong electric field to lower the potential energy sufficiently for the valence 

band electrons to tunnel into the conduction band [74] and the tunneling rate 

is much smaller than the impact ionization rate. Only in the case of low 

initial carrier densities where field screening is less efficient, we found a 

slight difference in the IMI coefficient (inset of Fig. 4.4(b)). 

4.2.5 Energy loss mechanisms in high electric fields  
The application of short electric field pulses enables investigation of impact 

ionization at very high electric fields in MV/cm which cannot be achieved 

with a static electric field of due to an avalanche breakdown and permanent 

sample damage. To further illustrate the effect of the high electric fields on 

the sample, the distribution of the deposited energy from the electric field to 

a heat transferred to the lattice and an energy going to impact ionization is 

calculated based on the MC simulations. In the simulations the input electric 

field is a square pulse of 500 fs width which is a simplified representation of 

the THz pulse. To estimate the maximum heat transferred to the lattice and 

subsequent rise in temperature, the number of phonon scattering events are 

counted and multiplied with the highest phonon energy of silicon ~ 60 meV 

[117]). On the other hand the energy lost to impact ionization is estimated 

from the number of new electrons generated and the bandgap energy of 

silicon.  

The fractions of the total energy lost to impact ionization and lattice 

heating as a function of electric field strength are depicted in Fig. 4.5(a). At 

low electric fields the energy gained by free electrons and holes is dissipated 

to the lattice and the quantity of carriers that reach the impact ionization 

energy is less. As the electric field increases, the energy of carriers is also 

lost to the impact ionization process that increases the number of free 

62 
 



   
 
carriers. This, in turn, increases THz absorption and heat transfer to the 

lattice. As the field increases, the fraction of energy flow to impact 

ionization increases and becomes the dominant energy loss path. The 

increase in temperature as a function of electric field for silicon with 

intrinsic initial carrier density is shown in Fig. 4.5(b). For THz pulse 

excitation with peak electric field of several MV/cm a sub-10 K increase in 

temperature is estimated which does not have any damaging effect on the 

silicon sample. On the other hand, if the pulse width is increased by a factor 

of 1000 (to 0.5 ns), the temperature will increase above the silicon melting 

point (1685 K). This clearly shows that investigation of impact ionization by 

static or low-frequency electric fields in the MV/cm range is not possible, 

simply due to permanent material damage. 

 
Figure 4.5. (a) Fraction of energy transferred to lattice and energy lost by impact 

ionization. (b) The change of temperature as a function of electric field Ein with 

intrinsic initial carrier density. 
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4.2.6 Optical probing of the nearfield profile of metallic 

antennas  
Metallic dipole antennas fabricated on silicon surface are used to enhance 

the THz electric field in the measurements discussed so far. Antennas and 

metamaterials are applied over a broad range of applications such as single 

molecule spectroscopy, nonlinear optics, near field microscopy due to their 

resonant field localization and enhancement capabilities. It has been 

challenging to directly measure the nearfield profile of these structures. 

Mostly the understanding of the nearfield is based on the simulations with 

experimental verifications only in the far field. The far-field measurements 

do not often carry the full near-field information such as influence of 

evanescent waves and spatial distribution of surface charges [118]. An 

experimental measurement technique is essential to validate the theoretical 

investigations. 

Experimental techniques for direct nearfield profiling of THz radiations 

has been demonstrated by fabricating antennas on electro-optic active 

substrates [64], [118]. However, the field enhancement and nearfield profile 

depends on substrate material and antenna properties may not be translated 

to antennas made on electro-optically inactive substrates. Thus, measuring 

the field profile directly on commonly used material for THz devices 

(silicon) and other electro-optically inactive materials enables a noninvasive 

testing platform for THz devices. In this section the potential of the 

THz/optical pump-optical probe experimental technique to probe the field 

profile is demonstrated. The tightly focused NIR probe allows quantitative 

evaluation of the dynamics of the free carrier density that can be translated 

into the local field profile of THz antennas and metamaterials. In other 

words, the free carrier dynamics carries the nearfield profile information of 

these structures.  

To demonstrate nearfield probing capability of the optical/THz pump-
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optical probe scheme, a tightly focused NIR probe is scanned spatially near 

the tip of the metallic dipole antenna and the change of reflectivity is 

measured. The tight focusing of the NIR beam allows local field profiling in 

a spatial resolution much smaller than the wavelength of the THz pulse. To 

obtain a significant change of reflectivity, the region of the sample near the 

antenna tip is illuminated with the optical pump before the arrival of the THz 

pulse. Thus, the initial carrier density is set to be approximately 1×1019 cm–3.  

 
Figure 4.6 (a) The near-field enhancement by the dipole antenna calculated by full-

wave electromagnetic wave simulation. The inset shows CCD image of the antenna 

tip with a probe beam (bright spot). (b) Normalized field enhancement from 

measurement and simulation along a horizontal line (line 1 in (a)), and (c) along a 

vertical line (line 2 in (b)) in the vicinity of the metallic antenna.  

In Fig. 4.6 the normalized field enhancement obtained by the 

optical/pump-optical probe experiment is compared with that of the 

simulations. The measurements are done along the horizontal and vertical 

lines (1 and 2 respectively) overlaid on the simulated map of the field profile 

in Fig. 4.6(a). The horizontal line is 2.3 μm away from the antenna tip. As 

5 μm

1

2(a)

(b)

(c)
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shown in Fig. 4.6(b, c) the simulation and measurement results agree 

reasonably even though we do not consider the spatial and temporal dynamic 

changes in the dielectric property as carrier density changes by IMI in the 

simulation. The differences could be attributed to the finite size of the probe 

beam (approximately 2 μm) which can be improved by reducing the probe 

beam size with better imaging. It is to be noted that the field enhancement 

changes significantly the region close to the antenna tips and probe beam 

dimension is critical in the precise determination of field profile. In addition 

minor differences of shape and features of the antennas between modelled 

antennas and real antennas are expected to affect the nearfield significantly.   

4.2.7 Conclusion 
In conclusion, we have shown that the optical/THz pump-optical probe 

optical setup is a powerful technique to investigate IMI dynamics in silicon 

over a wide range of initial carrier densities and in a multi-MV/cm field 

regime. It is demonstrated that the Chynoweth impact ionization model is 

valid in an applied electric field pulses in MV/cm. It is shown 

experimentally and by Monte Carlo simulations that the carrier 

multiplication process depends strongly on the initial carrier density. In the 

limit of low initial carrier densities (1.5×1010 cm−3) the impact ionization 

coefficient is an order of magnitude larger than previous reports, and 

approaches the fundamental Okuto limit imposed by energy conservation. In 

this limit, with only a single electron initially present within the 

experimental volume, multiplication to more than 108 electrons within a few 

hundred fs is demonstrated. Consequently, by controlling the presence of 

that single electron the complete carrier multiplication process can be 

switched on and off. Those results will have a potential for single electron 

nano-electronics and macro-scale electronics operating at ultrahigh speeds. 

Finally, the optical/THz pump-optical probe setting demonstrates 
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quantitative evaluation of the local field profile of an antenna which can be 

optimized to be a non-destructive testing tool to characterize antennas and 

metamaterials fabricated on silicon and other semiconductors.  

4.3 THz pump-THz probe measurements  

4.3.1 Antenna resonance frequency shift 
In chapter 3 it has been discussed that the generation of enormous density of 

free carriers in silicon near the tip of a metallic dipole antenna results in a 

dynamic shift of its resonance frequency. As shown in Fig. 4.7(a) the local 

electric field is enhanced near the metal antenna tip. The generation of free 

carriers near the tips alters the dielectric constant of the substrate in the 

vicinity of the antenna tip, consequently changing the resonance frequency 

of the dipole antenna. Figure 4.7(b) shows a resonance shift of metallic 

dipole antenna measured with a standard THz-TDS. The antenna has a 

resonance frequency of 0.75 THz at low power THz illuminations. An 

incident field of approximately 270 kV/cm reduces the resonance frequency 

by 130 GHz. To measure the timeline at which the resonance frequency shift 

happens, a THz pump-THz probe measurement is conducted. The 

experimental details of the setup are described in detail in chapter 2. The 

dynamics of the shift of the resonance frequency grants access to the time-

resolved dynamics of free carrier density.  
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Figure 4.7. (a) Schematic diagram of the impact ionization process: an enhanced 

local field is induced near the antenna tips under a strong THz field illumination. 

Impact ionization generates enormous density of free carriers in the high field 

regions. (b) A resonance frequency of a dipole antenna under the high power and 

attenuated THz illuminations. In the low power illumination the resonance 

frequency is of the antenna is 0.75 THz.  

4.3.2 Modelling of the nonlinear frequency shift of the 
antenna  

In a THz pump-THz probe experiment, the weak probe pule which is 

dynamically delayed, is transmitted with the pump pulse. By measuring the 

resonance frequency shift of the probe pulse as a function of the pump-probe 

delay, the evolution of resonance frequency shift and free carriers can be 

obtained. The impact ionization process is faster than THz pulse duration 

which complicates the analysis of the pump-probe measurements. Thus, a 

model is required to interpret the pump-probe transmission measurements 

and extract the evolution of the carrier density. Consequently, the metallic 

dipole antenna is modelled in a simplified manner by a harmonic oscillator 

with a time-dependent resonance frequency which depends on carrier density 

of the substrate. The harmonic oscillator with a time-dependent resonance 

frequency is written as, 
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where ( )P t  is the polarization field that mimics the local electric field 
profile near the antenna tip, ( )E t  is the incident electric field which drives 
the oscillation, ( )tω  is the resonance frequency of the harmonic oscillator, 

2α  is a coupling parameter to the electric field that influences the magnitude 
of the induced polarization field and γ  is the decaying rate of the induced 
polarization field.  

For a given carrier concentration, the dielectric permittivity of a 

conductive medium in the Drude model is given by, 

2

2( ) ,
/

p

si
ω

ε ω ε
ω ω τ∞= −

+
  (4.13) 

 

where ωp=Ne2/εom*
 is the plasma frequency, τs is the momentum 

relaxation time, and N is density of free electrons. The complex refractive 

index is the square root of the permittivity. Thus, the carrier concentration in 

the substrate determines its index of refraction. As shown in Fig. 4.8 the 

functional dependence of the refractive index is strongly influenced by the 

specific frequency.  This means that in a situation where the carrier density 

changes rapidly in time, the response of the resonance can vary drastically. 

In the example above, the carrier concentration dependence of the refractive 

index at the original resonance frequency of 0.62 THz is rather weaker than 

that of frequency of 0.2 THz. At a lower frequency (0.2 THz) the 

dependence of carrier concentration on the refractive index is much stronger 

and refractive index increases monotonously with increase in carrier 

concentration. This frequency dependence of the refractive index change due 

to impact ionization is thus important to incorporate in the modelling of the 

dynamics of the ultrafast resonance shift.   
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Figure 4.8. Index of refraction at selected frequencies as function of carrier 

concentration calculated based on Drude model with a carrier scattering time of 200 

fs and effective mass of free electrons of 0.2 em . 

The free electron generation rate can be written by a rate equation, 

,ii
rec

dN NN R N
dt t

= = − +  (4.14) 

where iiR  is the field-dependent carrier generation rate per unit time (impact 

ionization rate), and recτ  is free carrier depletion rate due to either band-to-

band carrier recombination or carrier trapping. The impact ionization rate is 

related to the impact ionization coefficient ( Nα ) defined in Eq. 4.11 by, 

ii N NR α υ= , where Nυ  is the drift velocity of an electron. It is shown 

experimentally that Chynoweth formula of impact ionization (Eq. 11) 

describes the field dependence of impact ionization by a THz field in a 
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strong field regime. For the estimation of the carrier generation rate by IMI, 

the instantaneous local electric field inside the silicon substrate is estimated 

from the contributions of the incident THz field and the polarization field 

such that 0( ) ( ) ( ) /loc THzE t E t P t ε= − . As the carrier density increases in 

time, field screening by the generated free carriers reduces the electric field 

strength inside the silicon, consequently, influencing impact ionization rate. 

To account the field screening effect the index of refraction of the silicon 

substrate is dynamically calculated and the local electric field is adjusted 

based on Fresnel reflection from the surface of the silicon substrate.  

The resonance frequency, 𝜔𝜔, of the antenna depends on the index of 

refraction, n , and thus the permittivity, ε . The permittivity is a nontrivial 

function of carrier concentration, N, and frequency, 𝜔𝜔, and therefore we 

need to establish the exact functional relation between these parameters. 

Applying chain rule, the partial derivative of the frequency can be written as 
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n n
t n t n t

n N
n N t t

ω ω ω ε
ε

ω εε  ω
ε ω

∂ ∂ ∂ ∂ ∂ ∂
= ⋅ = ⋅ ⋅

∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂ ∂ ∂ = ⋅ ⋅ + ⋅ ∂ ∂ ∂ ∂ ∂ ∂ 

 
(4.15) 

 ( , )N F N
t t
ω ω∂ ∂
= ⋅

∂ ∂
 

where ( , ) .
1

n
n NF N

n
n

ω ε
εω

ω ε
ε ω

∂ ∂ ∂ ⋅ ⋅ ∂ ∂ ∂=  ∂ ∂ ∂ − ⋅ ⋅ ∂ ∂ ∂ 

 
(4.16) 

The partial derivatives of F(N,ω) are defined from the Drude model. 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  

is defined from the resonance property of the dipole antenna.  The intrinsic 

resonance frequency of the dipole antenna in the radio and microwave 

frequencies can be estimated from 𝜔𝜔 = 𝜋𝜋𝜋𝜋/(𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿) where c is the speed of 
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light in vacuum, L is the physical length of the antenna and 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the 

effective refractive index of the surrounding medium [119] and this 

relationship also holds in the THz spectral frequency [63], [64]. The 

effective refractive index can be written in terms of n (the refractive index of 

the substrate where impact ionization happens) 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,𝑜𝑜(1 + 𝑘𝑘𝑁𝑁(𝑛𝑛 −

𝑛𝑛𝑜𝑜)/𝑛𝑛𝑜𝑜) where 𝑘𝑘𝑁𝑁 is a geometrical factor that accommodates the fact that 

refractive index changes only near the antenna tips, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,𝑜𝑜 is effective index 

of refraction before the THz pump, and 𝑛𝑛𝑜𝑜 is the refractive index of silicon 

before THz pump.  

The various partial derivatives are summarized as, 
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(4.17) 

The harmonic oscillator model is solved using the partial derivatives with 

input electric field consisting of the pump and probe THz pulses in time 

delay arrangements that mimic the experimental conditions.  

4.3.3 Isolating the nonlinear signal in the sample  
In the THz pump-THz probe experiment a strong THz pulse, 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) is 

used to induce the nonlinear carrier multiplication in the silicon substrate and 

a variably delayed probe pulse, 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝) co-propagates with the 

pump to probe the time-resolved evolution of carrier density. 𝜏𝜏𝑝𝑝𝑝𝑝 is the time 

delay between the pump and probe pulses. To examine the nonlinear 

transmission induced by the THz pump, probe pulse transmission in the 

presence of the THz pump at full strength (𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 (𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝)) is compared 
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with the THz probe transmission in the presence of an attenuated pump pulse 

(𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿 (𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝)). The measurement of probe pulse in both cases is 

conducted at various pump-probe delay times.   Six 525 μm – thick high 

resistivity silicon wafers (each having field transmission of, 
24 / ( 1) 0.7Si Si sit n n= + = ), where Sin is the refractive index of silicon at 

THz frequencies, are placed in the collimated section of the THz beam path 

before the sample (see Fig. 4.9 (a)) to attenuate the THz pump. The wafers 

are relocated to the THz beam path after the sample for the high power pump 

illumination. While the silicon wafers attenuate the pump, they do so to the 

probe pulse as well. However, no difference in transmission is measured 

between full probe pulse and attenuated probe pulse if the pump is blocked 

which indicates that the probe doesn’t induce measurable nonlinear 

transmission. 

To resolve the evolution of the resonance frequency shift and carrier 

density from the measurements, a combination of pump and probe functions 

that resemble the corresponding measured pump and probe pulses are used 

as an input to solve the differential equations. Schematic diagram of the 

implementation of the modulation scheme to reproduce the experimental 

settings is shown in Fig. 4.9(b). In the case of the high power THz pump, 

strong pump pulse with and without the probe is fed to the differential 

equation. The difference between the responses to the pump with probe and 

without probe gives the probe response. In the presence of the strong THz 

pump, free carriers are generated and antenna resonance frequency changes 

accordingly. These changes affect the probe pulse transmission, i.e. the 

probe pulse carries information about nonlinear signal induced by the pump. 

Similarly combination of pump and probe pulses attenuated to the same 

extent as in the measurements is feed to the system of differential equations, 

and the probe response in low pump is evaluated. Finally for comparison of 

probe responses in high power and low power pumps, the corresponding 
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probe responses in the high power pump are attenuated by the same factor. 

The simulation is conducted for various pump-probe delay times as in 

experiments to obtain a 2D pump-probe scan.  

 

4.3.4 Results of the pump-probe measurements and 
simulations 

Figure 4.10 shows the measured and simulated differences between 

transmitted probe pulses with the high power pump and the low power 

pump (𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝� = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 �𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝� − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿 (𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝)). The 

 

Figure 4.9. (a) Simplified THz pump-THz probe schematic for an experimental 

investigation of the time-resolved THz-induced nonlinear transmission. Attenuators 

are relocated before and after the sample for low and high power pump respectively. 

(b) Numerical modulation scheme for the reproduction of experimental conditions of 

pump-probe transmission measurements.  
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THz pulses

Attenuator

Sample Detector

(b)

τpp
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sample is high resistivity silicon on which dipole antenna array with a low 

field resonance frequency of 0.62 THz. To confirm that that the nonlinear 

signal is induced in the sample by the THz pump, the experiment is also 

repeated without sample (air reference). The resulting scan is shown in the 

inset of Fig. 4.10(a). In this case, we do not observe a nonlinear transmission 

that resembles the measurements of the sample. Only noise near the 

temporal overlap between the pump and probe is observed that is caused by 

nonlinear interactions at the THz generation and detection crystals. More 

details are described in chapter 2.  

The strong red and blue color regions in the 2D map (see fig. 4.10) which 

does not appear in the air reference scan (see inset) manifest the nonlinear 

signal (𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝�) induced in the sample. Qualitative comparisons 

of the nonlinear signals of the measurements and simulation clearly show 

that the simulation reproduced measurement results. This indicates that our 

model describes the impact ionization dynamics very well. The nonlinear 

signal is a result of modification of local substrate property near the antenna 

tip which is a very small section of THz beam spot size. The change is also 

limited in depth to only few μm’s. As a result probe-peak transmission is not 

affected significantly by the pump pulse. Consequently, we do not see a 

nonlinear signal at probe peak (probe delay = 0 ps) even though the pump 

pulse precedes it. However, the resonance frequency of the metallic antenna 

is modified by the strong pump pulse. In this case the trailing parts of the 

probe pulse in high power THz pump experiences phase modifications with 

respect to the probe pulse in an attenuated pump pulse as a result of the 

resonance frequency shift which translates into nonzero amplitude difference 

of the trailing parts of the transmitted probe pulse. This is manifested in the 

horizontal nonzero difference signals on the pump-probe scan in the positive 

pump-probe delay times.  
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Figure 4.10.  Nonlinear signal – difference between the transmitted probe pulse in a 

high power pump pulse and an attenuated pump pulse (𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝� =

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 �𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝� − 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿 (𝑡𝑡 − 𝜏𝜏𝑝𝑝𝑝𝑝)), (a) measurement and (b) simulation. For low 

power pump, attenuation is achieved by placing 6 silicon wafers in the THz beam 

path. The inset in (a) shows pump-probe scans with air reference. 

The strong nonlinear signal near the pump-probe delay time of -0.65 

ps in the measurement is associated with the nonlinear coupling between 

the pump and the probe in the THz generation crystal. This nonlinear 

signal is located at the temporal overlap of the peak of the probe pulse 

and the first negative peak of the pump pulse. In this case we observe a 

significant enhancement of the individual probe pulses both in low and 

high power pump conditions. This results in a stronger difference signal. 

When the probe-pump delay time is close to zero, the probe pulse is 

observed to have a phase change. For example, the probe peak changes 

from negative value before zero to a positive value after zero. The 

nonlinear interaction between the pump and the probe in the crystal is 

very strong at the temporal overlap between the pump and the probe. It is 

observed in this case that the nonlinear signal induced in the sample is 

obscured in the measurement. The signal in the region encircled by the 

blue dashed line in 4.10 (a) is due the fluctuations in the THz generation 

over an extended time. It is to be noted that a single pump-probe scan 

(a) (b)

Measurement Simulation
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takes several hours which means that the measurement starting time of the 

low power and high power scans are separated by several hours (12 hours in 

this measurement).   
 

 

Figure 4.11. Spectral amplitude of the probe pulse as a function of pump-probe 

delay time in the presence of a high power THz pump as a function of pump-probe 

delay, (a) measurement, (b) simulation. Dipole antenna response has a dip in 

transmission at resonance frequency. The harmonic oscillator model has peak 

response at the resonance frequency and the evolution of the red region in the plots 

show evolution of resonance frequency. The dashed lines are free hand sketches to 

showing the evolution of the resonance frequency shift. 

To analyze the time-resolved resonance frequency shift, the Fourier 

transforms of the transmitted probe pulses in the high power and the low 

THz pumps are calculated. Fig. 4.11(a) shows the Fourier transforms of 

probe pulses in the high power condition as a function of pump-probe delay 

time. The nonlinear interaction between the pump and probe affect the phase 

of the probe pulse and, thus, the Fourier transform is distorted as compared 

to the Fourier transform of a probe pulse without pump. However, the 

evolution of the antenna resonance is manifested as can be seen from the 

evolution of the blue region shown by the freehand sketch (red dashed curve 

in (a)). Unlike the dip response of the antenna at resonance frequency, the 

harmonic oscillator model has a peak response, i.e. transmission peaks at the 

(a) (b)
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resonance frequency. Figure 4.11 (b) shows the corresponding 

evolution of the resonance frequency in the simulation (see the blue 

dashed curve). The frequency domain analysis indicates that the model 

reproduces the evolution of the resonance frequency of antenna of the 

measurements. 

The harmonics oscillator parameters: decay time (γ) and coupling 

constant (α2) are optimized in the simulation. Decay time is adjusted so 

that the probe response fits best the measured probe pulse. Similarly, 

coupling constant is adjusted to obtain the measured resonance 

frequency shift 5 ps after the pump peak. Impact ionization parameters 

are taken form fits of impact ionization coefficient-vs-field data 

discussed in section 4.2.4.  

The evolution of the density of free carriers that resulted in the 

simulated maps is shown in Fig. 4.12(b). To indicate the timeline of the 

evolution of carrier density, the polarization field induced by the 

incident THz electric field is depicted in (a). It is shown that carrier 

generation by impact ionization happens so fast that the carrier density 

increases by more than seven orders of magnitude in a sub-picosecond 

time. The carrier generation rate calculated simply by taking the time 

derivative of the carrier density indicates that more than 5×1018 

electrons are generated in one second, transforming silicon from an 

insulator to a semi-metal.  

The carrier generation rate obtained here is much higher than 

previous impact ionization rates [77], [80], [81], [120], [121] obtained 

by experimental measurements induced by DC electric fields in the 

range of 200 kV/cm - 500 kV/cm. The range of the field is limited by 

the high current induced breakdown of the diode used for the impact 

ionization investigation. As discussed in section 4.5, the low initial 

density of carriers (intrinsic carrier concentration) in this experiment in 
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comparison to the highly doped impact ionization regions in the previous 

transport measurements allows high impact ionization rates.    

 

 

Figure 4.12. (a) The polarization field transient inside silicon in the simulation. (b) 

The temporal evolution of the carrier density and carrier generation rate. The carrier 

density reaches more than 2×1018 cm–3 from initial intrinsic value of 1.5×1010  cm–3. 

(c) The evolution of the instantaneous resonance frequency of a metallic dipole 

antenna array as a function of time. (d) The instantaneous refractive index changes 

at THz and NIR frequencies.  

The evolution of the resonance frequency of the metal antenna due to 

the carrier multiplication is shown in Fig. 4.12(c). The resonance frequency 
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increases initially slightly before it reduces significantly.  The initial 

kink is a Drude response where the refractive index increases in the 

intermediate carrier densities. At the peak of the THz pump where there 

is significant free carrier generation, resonance frequency drops 

significantly ultimately resulting in a resonance shift of 20% in a time 

of just few picoseconds. It is too be noted that the change in resonance 

frequency is significant once high density of carriers is achieved. In this 

condition, the plasma frequency is high enough (comparable to THz 

frequency, 𝜔𝜔) that dialectic permittivity is affected significantly. The 

change of refractive indices at THz frequencies and 800 nm are shown 

in Fig. 4.12(d). It shows that the THz refractive index increases 

significantly. The change of index of refraction at THz frequencies 

amounts to 6000 times higher than the corresponding change of the 

refractive index at NIR frequencies. 

In a separate measurement, the dynamics of the carrier generation 

is also demonstrated by directly measuring the local reflectivity change 

of a tightly focused 800 nm pulse (measurement done at Kyoto 

University). The details of the experiment are described in section 

4.2.1. The refractive index change at 800 nm obtained from NIR 

reflectivity measurements are shown in Fig. 4.13 for incident THz 

fields of up to 700 kV/cm. The measurement shows that the refractive 

index of silicon can be reduced by 6 × 10−3 at 800 nm and confirm the 

generation of enormous density of carriers in a time scale of 1 ps.  
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Figure 4.13. Refractive index change of silicon at 800 nm near the tip of a metallic 

dipole antenna as a function of the pump-probe delay time for incident THz fields of 

700 and 490 kV/cm. The approximate location of the pump peak is indicated by 

green arrow. 

4.3.5 Conclusion  
It is shown in section 4.3 that THz pump-THz probe measurements enable 

time-resolved measurements of the antenna resonance shift and carrier 

density evolution. The resonant frequency of a dipole antenna is uniquely 

defined by its physical length and the effective refractive index of its 

surrounding media. While is impossible to change the antenna length fast, 

we show that its resonance frequency can be modified dynamically in sub-

picosecond time scale. The resonance frequency of the metallic dipole 

antenna is modulated by a 20% within a picosecond induced by THz 

initiated carrier multiplication. The refractive index of silicon near antenna 

tips changes significantly in the THz spectral range reaching more than 12 
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due to the generation of enormous density of free carriers. This substantial 

modulation of the resonance frequency can be made reversible on the 

picosecond time scale by using a substrate with ultrashort carrier lifetime or 

fabricating PIN diode next to impact ionization region or by ion-

implantation [122], [123], thus paving the way for an ultrafast all-optical 

nonlinear signal processing at sub-THz frequencies and possibly high bitrate 

THz wireless communications. On the other hand the THz-induced 

resonance frequency shift demonstrates to be a useful tool to probe the 

carrier dynamics in semiconductors in high electric fields.  
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Chapter 5 

Broadband THz spectroscopy of silicon 
carbide 

5.1 Introduction to silicon carbide 

Silicon carbide (SiC) has been known for more than a century. In fact, the 

first photoluminescence was observed in SiC and it was used to make the 

first light emitting diodes (LED) [124], [125]. Even though its application in 

the area of LED’s is limited by the development of more efficient Ga-based 

LEDs and the difficulty in producing high quality wafers, it maintains an 

application niche where it is used for high power electronic applications and 

electronic applications in severe environmental conditions such as in high 

voltage systems and high temperature situations [126], [127].  

The building blocks of silicon carbide crystals are double layers of 

silicon and carbon atoms which are constructed in various stacking orders. In 

each layer the silicon (carbon) atoms have a hexagonal arrangement with 

three distinct sites (labelled A, B, C) in arranging the SiC double-atomic 

layers. Differences in the stacking sequence of the atomic layers and their 

number per unit cell results in more than 200 polytypes [128]. The polytypes 

are identified by a natural number equal to the number of Si-C bilayers per 

unit cell in the direction perpendicular to the basal plane (c-axis) and an 

alphabetic symbol representing syngony of the Bravais lattice: C for cubic, 

H for hexagonal, and R for rhombohedral [129].  The stacking sequences of 

the most popular polytypes, 3C, 4H and 6H are shown in Fig 5.1(a-c). The 

stacking sequence for the smallest polytype (3C-SiC) is ABCABC… and 

“3” refers to the number of Si-C double layers in one repeating unit. The 
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corresponding stacking sequences of the 4H- and 6H-SiC polytypes are 

ABCBABCB…, and ABCACBABCACB…. respectively (see Fig. 5.1). A 

single Si (or C) atomic layer can have a local cubic (k) or hexagonal (h) 

environment with respect to the immediate neighbors forming 

crystallographic nonequivalent sites in the lattice. For example, one k- and 

one h-  crystallographic sites exist for 4H-SiC carbide where as 3C-SiC has 

only k-type lattice sites [130].  

 

Figure 5.1. Stacking sequences of the carbon-silicon bilayers in (a) 3C, (b) 4H, and 

(c) 6H-SiC unit cells. Dark red spheres represent silicon and dark blue spheres 

represent carbon atoms. (d) Brillouin zone of a hexagonal lattice. Dots indicate the 

labels of the high symmetry points in hexagonal structures. The c-axis is parallel to 

the [0001] direction.  

Silicon carbide has unique features that make it a promising material for 

high power optoelectronic applications. For example, 4H-SiC has three times 

larger band gap, five times higher breakdown voltage, twice higher 

saturation velocity and three times higher thermal conductivity as compared 

to silicon [33], [34]. These features make it a superior alternative to silicon 
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for fast switching devices that can operate in high electric fields and at high 

temperatures. Although the different polytypes of SiC have the same element 

composition, they manifest differences in their electrical and optical 

characteristics. SiC is a wide bandgap material with gap energy higher than 

2.2 eV which varies depending on the polytype. 

Nowadays SiC is considered a potential material for the fabrication of 

LEDs because it bandgap can be engineered to emit over the entire visible 

spectrum. Even though the indirect bandgap property of SiC makes is less 

efficient photoluminescent emitter, addition of appropriate dopants results in 

high quantum efficiency of up to 95% that covers the entire visible spectral 

range [131], [132]. This allows fabrication of white light LED sources with 

unparalleled color quality. Similar advances in technologies to better utilize 

the material and crystal growth technologies, which enable high quality and 

large area epitaxial layer productions, reinvigorates interest in SiC.  

Rapid advances in the generation of high power THz signal with 

electric field in the MV/cm require a robust material platform for fabrication 

of devices. Due to its high bandgap and breakdown voltage the response of 

SiC stays linear over an extended range of strong electric fields compared to 

silicon. It is shown that silicon exhibits a nonlinear transmission in a strong 

THz pulse due to carrier generation by impact ionization [133]. The impact 

ionization field in SiC is expected to be much higher than silicon which 

means that SiC can be a suitable material platform for device fabrication for 

the future high power THz devices. In addition to its high mechanical 

strength, large breakdown voltage and functionality at high temperatures, un-

doped SiC has high transmission in the main THz band.  

5.2 Folded zone phonon modes in SiC 

An effective utilization of the material requires a complete 

understanding of its optoelecronic properties. Crystal lattice vibrations 
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(phonons) influence the electronic properties, and consequently, impact SiC 

based device performances. Phonon dynamics of the silicon carbide 

polytypes that are the most commonly used in devices are examined in this 

chapter. Among the popular polytypes, the growth of large area 4H- and 6H-

SiC wafers has been possible and are available commercially. These 

polytypes are the most commonly used polytypes for electronic applications 

because they have high free carrier mobility. 4H-SiC is the most stable 

polytype and has higher free carrier mobility than 6H-SiC [35], [134]. Thus, 

the lattice vibration properties and dispersion characteristics in the THz 

spectral range of 4H- and 6H-SiC are investigated by using a broadband THz 

source. Ab-intio DFT simulations are implemented to elaborate the details of 

phonon dynamics.  

THz spectral range covers important phonon energies in solid state 

materials including SiC.  The strong longitudinal (TO) and transverse optic 

phonons (LO) located at approximately between 24 and 29 THz respectively 

are well known and their characteristics are nearly independent of the 

polytype.  These two polar phonons form a powerful Reststrahlen band; a 

feature that makes SiC a promising candidate for implementing surface 

phonon polaritons to expand the success of plasmonics in sub-diffraction 

manipulation of light at the UV and visible towards the IR and THz spectral 

regime [135]. Recently, the phonon resonances properties of SiC has been 

utilized to enhance near field signal significantly [136]. This shows that 

lattice vibrations in SiC can be applicable in nanoscale optical sensing for 

high temperature and high power applications. While the strong polar 

phonon modes have been investigated in depth [137], weak folded zone 

phonon modes which appear in large size polytypes are not completely 

understood.  

The unit cell length of larger polytypes with n-SiC bilayers along the c-

axis is n-times larger than that of the smallest polytype, 3C–SiC. Thus, the 
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Brillouin zone in the Γ–L direction (see Fig. 1(d)) is reduced to 1/n 

compared to the large Brillouin zone of the 3C-SiC. The dispersion curves of 

the phonon modes propagating along the c-axis in the large polytypes are 

determined by the folded dispersion curves resulting in several new phonon 

modes. The new phonon modes are known as folded zone modes. Examples 

of zone folding is shown by the dispersion curves of 3C, 4H and 6H 

polytypes of SiC, calculated by ab initio DFT simulations with a commercial 

CASTEP simulator (see Fig. 5.2). The dispersion curves in the axial 

direction of 4H and 6H-SiC polytypes can be derived from the large Brillion 

zone dispersion curves. Several folded zone phonon modes are expected 

both in 4H and 6H polytypes. However, some of them are not infrared active 

that means that it is not possible to detect them with the THz electric fields. 

Some of them are axial modes and are not accessible (are weakly accessible) 

directly with THz probe at normal incidence for crystals that are c-cut. The 

samples investigated here are c-cut.   

The folded zone phonon modes are characteristic to the specific 

polytype. Their specificity makes them a fitting tag to uniquely identify 

polytypes in a noncontact manner. This is particularly important as the 

interest in SiC is growing and fast characterization of larger area wafers in a 

nondestructive way is crucial to advance their optoelectronic functionality. 

THz sources offer such characterization capabilities in a straight forward 

transmission measurement, providing a wealth of information about the 

phonon modes such as lattice vibration strength, resonance frequency and 

optical dispersion characteristics in THz spectral range.  
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Figure 5.2. Phonon dispersion curves of 3C (black), 4H (red) and 6H (blue) 

polytypes of SiC. The dispersion curves are obtained by ab initio DFT simulation 

using a commercial CASTEP simulator. The dispersion curves of the 4H and 6H 

polytypes can be obtained by zone folding of dispersion curves of 3C polytype. 

5.3 Experimental technique  

Previously phonon modes in silicon carbide have been investigated using 

Infrared and Raman spectroscopy that do not provide phase information 

[138]–[143]. THz-TDS system is used in this study to investigate phonon 

dynamics which gives strength of lattice vibration and phase information. 

The phase information reveals phonon decay time and optical dispersion 

properties at THz frequencies. A spectrally broad THz pulse is generated in a 

laser induced air plasma [46]–[48]. A simplified schematic diagram of the 

optical setup is shown in Fig. 5.2(a). A 800 nm pulse from a Ti:sapphire 

regenerative amplifier with a pulse energy of 3.5 mJ and a pulse duration of 

35 fs is used for the THz generation. Femtosecond pulses at 800 nm and its 

second harmonic (400 nm) generated in a BBO crystal are focused in air to 

generate air plasma. An asymmetric current induced by a symmetry-broken 
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laser field composed of the fundamental and second harmonic laser pulses 

during field ionization of air generates the broadband THz pulses [144]. The 

fact that the THz pulse is generated in air, where phonon absorption is not 

limiting the THz bandwidth like in the THz generation in nonlinear crystals, 

THz pulse with extremely broad spectral range can be generated. The THz is 

imaged onto the sample using a pair of off-axis parabolic mirrors. After 

passing through the sample, the THz beam is collimated again and tightly 

focused for THz detection. 

An air based coherent detection (ABCD) which is the inverse of the 

generation process is used for mapping out the THz waveform [49], [50]. 

ABCD involves a third order nonlinear process that generates a second 

harmonic of the 800 nm probe pulse which is proportional to the THz field; 

𝐸𝐸2𝜔𝜔 ∝ 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝐸𝐸𝜔𝜔𝐸𝐸𝜔𝜔, where 𝐸𝐸 stand for the electric field amplitude and ω is 

angular frequency. The THz electric field is determined by measuring the 

intensity of the second harmonic of the probe pulse using an avalanche 

photodiode or a photomultiplier. The probe beam is routed over a variable 

delay to measure the THz transient. It is noted that the temporal width of the 

pulse is so short that the delay stage with very small step size is required to 

properly measure the THz Transient. In these measurements step size of 1 

µm which corresponds to a time step of 6.7 fs is used. Coherent detection is 

achieved by applying a strong bias voltage (HVM in Fig. 5.3(a)). 

The spectral amplitude of the THz radiation generated by the air plasma 

setup in the absence of the sample is shown in Fig. 5.3(b). Clearly the 

generated THz radiation has a spectral range spanning approximately 40 

THz. The dip near the frequency of 18.4 THz is due to a well know phonon 

absorption in silicon wafer placed on the collimated section of the THz beam 

path to block any optical signal reaching the sample.  
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Figure 5.3. (a) A simplified schematic diagram of the broadband THz generation and 

detection setup. THz pulse is generated in two-color air plasma and ABCD detection 

is used to measure the THz transient. (b) Measured spectral amplitude versus 

frequency without the sample. The dip near 18.4 THz is due to phonon absorption 

by the silicon wafer placed on the THz beam path to block the optical pulses 

reaching the sample.    

Comparison between the detected signals in the presence of the sample 

and reference measurements in a standard transmission THz time domain 

spectroscopic (TDS) setup is used to investigate the phonon dynamics and 

dispersion properties of the sample. Even though the setup also works in the 

reflection mode, a transmission mode is used in the investigations presented 

(a)

(b)
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in this chapter due to its higher sensitivity. The samples used in this 

investigation are lightly doped 4H-SiC and a compensated 6H-SiC. In the 

compensated sample the free carriers from undesired dopants are depleted by 

adding a complementary dopant.   The sample thickness of the 4H-SiC 

sample is measured to be 349 μm and 500 μm for 6H-SiC sample. The 

electric field transient of the transmitted THz pulse through the 4H-SiC 

sample and a reference measurement in a nitrogen atmosphere are shown in 

Fig. 5.4(a). The reference THz pulse is nearly a single cycle pulse with a 

FWHF width of 27 fs. The ringing in the reference signal after the main THz 

signal is a result of phonon absorption in silicon placed in the THz beam 

path. In both 4H and 6H samples a very strong ringing which decays over 

several picoseconds is observed and it does completely vanish until the 

Fabry-Perot reflection signal arrives. The ringing is a result of the resonant 

lattice vibrations in the samples.  

5.4 Measurement results and discussion  

The measured spectral transmission of the lightly doped 4H sample is shown 

in Fig. 5.4 (b) (solid red curve). The spectral transmission is calculated as the 

ratio of the magnitude of the Fourier transforms of the THz transients 

transmitted through the sample and in air reference. Important features in the 

spectral transmission include a very sharp resonant absorption dips at 

frequencies of 7.97 and 18.43 THz (phonon modes) and spectral 

transmission limited only up to 20 THz. These features manifest the strong 

interaction of THz field with the crystal lattice. The phonon modes at 7.97 

and 18.43 THz are located below the strong polar phonons and are the weak 

folded zone phonon modes. The locations of these phonon lines have been 

measured previously by Raman Scattering measurements and their values of 

266 and 610 cm–1 [137] agree exactly with our measurements. The phonon 

mode at 7.97 THz is a planar acoustic phonon mode which means that the 
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lattice vibration is along the plane perpendicular to the c-axis whereas the 

phonon resonance at 18.43 THz is an axial acoustic phonon. In our 

measurement setting the THz is polarized in the planar direction and the 

strong interaction of the THz field with planar phonon is expected. The 

spectral transmission is limited only to approximately 20 THz is mainly due 

to the strong absorption by the polar phonons at resonance frequencies of 

23.9 THz (TO) and 29.1 THz (LO).  

The capability to measure the phase of the transmitted THz gives 

further insight into the phonon modes which can be described by analyzing 

the dielectric properties in the THz spectral range. The complex transmission 

function can be related to the complex refractive index (n�) as,  

𝑇𝑇(𝜈𝜈) =
𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝜈𝜈)
𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅(𝜈𝜈) =

4𝑛𝑛�
(𝑛𝑛� + 1)2 𝑒𝑒

𝑖𝑖(𝑛𝑛�−1)2𝜋𝜋𝜋𝜋𝑐𝑐 𝑑𝑑 (5.1) 

 where 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝜈𝜈) is the electric field transmitted through the sample, 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅(𝜈𝜈) is the reference signal, 𝑑𝑑 is the sample thickness and 𝑐𝑐 is the speed 

of light. Equation 5.1 can be split into magnitude and phase relations as,  

|𝑇𝑇(𝜈𝜈)|  =
4√𝑛𝑛2 + 𝑘𝑘2

(𝑛𝑛 + 1)2 + 𝑘𝑘2
𝑒𝑒−𝑘𝑘

2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐   (5.2) 

𝛷𝛷(𝜈𝜈) =  −(𝑛𝑛 − 1)
2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐

+ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
𝑘𝑘(𝑛𝑛2 + 𝑘𝑘2 − 1)

𝑛𝑛(𝑛𝑛 + 1)2 + 𝑘𝑘2(𝑛𝑛 + 2)�+ 2𝜋𝜋𝜋𝜋 
(5.3) 

 where 𝑛𝑛 and  𝑘𝑘 are the real and imaginary components of the refractive 

index and 𝑁𝑁 is an integer. The equations are simplified if the material is not 

absorbing, i.e. if 𝑘𝑘 = 0. The complex refractive index and the dielectric 

permittivity of the sample are calculated from the transmission by using Eq. 

(5.2) and (5.3). 
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Figure 5.4. (a) Transmitted THz waveform in an air reference (blur curve) and a 

lightly doped, 349 μm thick 4H-SiC sample (red curve). The inset shows reference 

signal zoomed in a shorter time window. (b) Spectral transmission of the sample 

obtained by the ratio of the Fourier transforms of the sample and air reference. Fits 

to the transmission with different dispersion models are included. The blue fit 

considers free carrier and phonon contributions (Drude + Lorentz). 

To clarify these spectral dispersion features a model that includes a 

Lorentz oscillator for the strong polar phonons, a Lorentz oscillator for the 

folded zone phonon modes and the Drude model that accounts for the free 

electrons is applied. The dielectric permittivity is given by [137], 

(a)

(b)
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𝜖𝜖(𝜔𝜔) =  𝜖𝜖∞ +
𝜖𝜖∞(𝜔𝜔𝐿𝐿𝐿𝐿2 − 𝜔𝜔𝑇𝑇𝑇𝑇

2 )
(𝜔𝜔𝑇𝑇𝑇𝑇

2 − 𝜔𝜔2 − 𝑖𝑖𝑖𝑖Γ)
−

𝜔𝜔𝑝𝑝2

𝜔𝜔2 + 𝑖𝑖𝑖𝑖𝛾𝛾𝐷𝐷

+ �
4𝜋𝜋𝜌𝜌𝑖𝑖𝜔𝜔𝐿𝐿𝐿𝐿

2

(𝜔𝜔𝐿𝐿𝐿𝐿
2 − 𝜔𝜔2 − 𝑖𝑖𝑖𝑖𝛾𝛾𝐿𝐿𝐿𝐿)𝑖𝑖

 
(5.4) 

where ϵ∞ is the residual dielectric permittivity 𝜔𝜔𝐿𝐿𝐿𝐿, 𝜔𝜔𝑇𝑇𝑇𝑇 are longitudinal 

and transverse optical phonon frequencies respectively, 𝛤𝛤 is the phonon 

damping constant, 𝜔𝜔𝑝𝑝is the plasma frequency, 𝛾𝛾𝐷𝐷 is the momentum 

relaxation rate of free carriers, 𝜔𝜔𝐿𝐿, 𝛾𝛾𝐿𝐿 are resonance frequencies of folded 

phonon modes and the corresponding damping rate respectively. The second 

term in Eq. 5.4 represents the strong polar phonon absorption. The third term 

is the Drude response that accounts for the free carrier contributions and the 

last term accounts the folded zone phonon modes.   

Figure 5.4(b) shows that the measured transmission (red curve) in the 

4H sample fits very well with the model fit considers the contributions of the 

phonon modes and the free carriers (blue curve). The fitting parameters are 

summarized in table 5.1. To elaborate the contribution of free electrons and 

phonons in the dispersion relationship, the permittivity is fitted by selective 

inclusion of each contribution. If we consider only the folded zone phonon 

modes (green dotted line), the transmission is expected to be flat along the 

measurement spectrum except dips at the resonant frequencies.  

Consideration of the only the Drude model, reproduces reduction in 

transmission on the lower side of the spectrum (pink dash lines). The Drude 

fit shows that the sample has a carrier density of approximately 3.1×1015 cm–

3 which is due to light nitrogen doping that is typically introduced during 

crystal growth from the growth atmosphere. The common practice to 

neutralize the nitrogen impact is depleting free carriers by adding a 

compensating material, commonly vanadium. In a compensated 6H-SiC, we 

do not observe a decrease in transmission at lower frequencies observed in 
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the 4H sample. The sample provider also confirmed that the sample is 

compensated and is nearly free of carriers at the room temperature.  

Parameter 4H-SiC 6H-SiC 

𝜖𝜖∞ 6.52 6.6 

𝜈𝜈𝑇𝑇𝑇𝑇 23.89 THz [137] 23.89 THz 

𝜈𝜈𝐿𝐿𝐿𝐿 29.11 THz [137] 29.14 THz 

Γ 1.68 THz 2.1 THz 

𝛾𝛾𝐷𝐷 11.3 THz -- 

𝜌𝜌1 1.2 × 10−4  3.9 × 10−5 

𝜌𝜌2  2.2 × 10−5    3.9 × 10−5 

𝜈𝜈𝑙𝑙1 7.97 THz 7.2 THz 

𝜈𝜈𝑙𝑙2 18.43 THz 7.05 THz 

𝛾𝛾𝐿𝐿1 0.25 THz 0.2 THz 

𝛾𝛾𝐿𝐿2 0.25 THz 0.4 THz 

Table 5.1. Parameters used in the modeling of the spectral dispersion relationship of 

4H- and 6H-SiC samples. Parameters that are taken from literature are cited and all 

the rest of the parameters are fitting values.  

The consideration of the TO and LO phonons result in a significant 

decrease in transmission on the high frequency side of the spectrum and 

transmission almost vanishes beyond 20 THz. It is noted here that fitted 

residual dielectric permittivity differs depending on whether the polar 

phonon contributions are considered or not. Consideration of the strong polar 

phonon contribution, results in residual dielectric permittivity, ϵ∞ = 9.7 

which is larger by a factor of 1 + (𝜔𝜔𝐿𝐿𝐿𝐿
2 − 𝜔𝜔𝑇𝑇𝑇𝑇

2 )/𝜔𝜔𝑇𝑇𝑇𝑇
2 . This can be obtained 

by calculating the ration of the dielectric permittivity at 𝜔𝜔 = 0 in the 

presence of polar phonon contribution and without. This explains the 

discrepancy in literature regarding the residual dielectric permittivity 

between these values.  
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The real and imaginary parts of the refractive index for the 4H and 6H-

SiC samples are calculated from the fitted dispersion relation and shown in 

Fig. 5.5. The refractive indices measured in the transmission TDS are very 

well reproduced. It is observed that the refractive indices of the two 

materials are very similar apart from different absorption lines due to the 

folded zone phonon modes. The optical dispersion in the THz spectral range 

is mainly influenced by the strong large zone phonon modes which are 

independent of the polytype and thus the refractive indices of the two 

polytypes considered here are comparable. 

Analysis of the measurements of the 6H-SiC sample reveals phonon 

modes at frequencies of 7.08 and 7.23 THz which form a doublet as shown 

in Fig. 5.5(b). These phonon modes are planar acoustic phonon modes. The 

doublet features are attributed to the energy discontinuity in the phonon 

dispersion of the large Brillouin zone [140]. The inset in Fig. 5.5(b) shows 

the measured transmission and theoretical fit. It is shown that the 

transmission does not decrease at the low frequencies like in the 4H sample. 

That confirms the absence of Drude contribution as the free carriers are 

depleted by compensation in the 6H sample. 

These measurements reveal weak folded zone phonon modes that are 

less accessible experimentally in the FTIR. They are located close to the 

limit of the spectral capability of FTIR systems which signifies the 

importance of the broadband THz radiation in the analysis of the weak 

phonon modes of SiC polytypes. It is essential to note that there are several 

weak folded zone phonon modes in the THz bandwidth available in this 

measurement which are either too weak to be measured or they are not 

accessible in the polarization direction of the THz pulse [137], [145], [146]. 
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Figure 5.5. (a) Real and imaginary indices of the 4H-SiC (b) and the 6H-SiC. The 

red lines are measurements using time domain spectroscopy and the blue lines are 

fits that account free carrier and phonon contributions using Drude model and 

Lorentz oscillator models respectively. The inset in a frame of (b) shows zoom of 

the doublet resonance feature near 7 THz.   The inset at the upper frame of (b) shows 

the spectral transmission of the 6H sample with a fit.  

5.5 DFT simulation of the phonon modes  

To examine the dynamics of the vibrational resonances that are observed in 

the broadband measurements, ab-initio density functional theory (DFT) 

(a)

(b)
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studies of 4H-SiC and 6H-SiC are performed. Commercially available DFT 

simulation software, CASTEP (Cambridge Serial Total Energy Package) is 

used to perform the simulations.  The weak folded phonon modes which are 

specific to the polytype and strong polar modes are identified with the 

corresponding frequencies and intensities. The DFT with the PBE exchange-

correlation functional optimized for solids  [147] reproduces the weak folded 

phonon frequencies very well and importantly, allows identification of the 

nature of these weak modes. As the partial charges on Si (+1.25e) and C (-

1.25e) nearly compensate each other, the total dipole moment and hence 

infrared activity is approximately 4 orders of magnitude weaker than the 

polar TO mode at 23.9 THz, as confirmed both by DFT simulation and by 

the relative strengths of the Lorentz oscillators used to fit the experimental 

data. 

In addition to predicting the resonance frequencies of the lattice 

vibrations and intensities, DFT simulations elaborate the motion of the 

atomic layers that give rise to the measured resonances of the lattice 

vibrations. Figure 5.6 shows the directions of vibrations of atoms for phonon 

modes of resonance frequencies at 7.82 THz and 18.14 THz. The 

simulations indicate that these phonon modes are very weak as compared to 

the TO phonon mode expected at a frequency of 23.9 THz. The intensity of 

the phonon mode at 7.82 THz is 6.6×105 times weaker; however, it was 

clearly measurable with the THz spectroscopy. The directions of motion of 

atoms at this vibrational frequency are shown by arrows in Fig. 5.6 (b) and 

the vibrations are in a plane perpendicular to the c-axis of the crystal. The 

directions of vibrations are in the direction of polarization of the THz field 

which makes them more easily accessible. The direction of motion of the 

atoms for the 18.2 THz resonance is depicted in Fig. 5.6 (c). The carbon 

atoms are stationary and silicon atoms vibrate as indicated by the arrows. 

The phonon resonance at 18.2 THz is 29 times stronger than the phonon 
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mode at 7.82 THz. However, it is weakly detected by THz measurement. 

This is clarified in the DFT simulation that the atomic vibrations are 

orthogonal to polarization of the THz field (axial phonon modes) and thus, 

THz does not couple effectively with the lattice vibration at this frequency.  

 
Figure 5.6. (a) Phonon dispersion curves of 4H-SiC crystal lattice obtained by DFT 

simulations. The motion of silicon and carbon atoms of phonons resonance 

frequencies of (b) 7.82 THz, and (c) 18.2 THz. The first is planar phonon mode and 

second is axial phonon mode. The corresponding measured resonance frequencies 

are 7.97 THz and 18.43 THz. The red circles in (a) show the location of the 

measured resonance frequencies on the phonon dispersion curve. 

Similarly the mechanical dynamics of the phonon modes in the 6H-SiC 

sample are predicted in the DFT simulation with excellent agreement with 

the measurements. Infrared active phonon doublet measured by THz 

transmission is shown in Fig. 5.7. DFT simulations predict resonance 

frequencies of 6.87 and 7.01 THz and the motion of atoms that results in 

these resonance frequencies are indicated in Fig. 5.7 (b) and (c) respectively.  

The DFT simulation also predicts additional resonance frequencies near 15 

4H-SiC, 7.82 THz 4H-SiC, 18.2 THz 

C
(a) (b) (c) 
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THz and 23 THz. Similar to the 18.2 THz resonance frequency of the 4H-

SiC, the resonance frequency near 15 THz is a longitudinal mode which is 

not accessible with the polarization of incident THz field. These modes have 

been accessible by tilting the sample so that THz polarization will have a 

component along the vibration direction of this phonon mode. The phonon 

modes predicted in simulation at frequencies of 23.03 and 23.3 THz are 

close to the TO phonon mode. The much stronger TO phonon mode 

obscures these modes and are difficult to measure.  

 
 

Figure 5.7. (a) Phonon dispersion curves of the 6H-SiC polytype. The red circle 

indicates the location of the resonance frequencies on the dispersion curve. The 

motion of silicon and carbon atoms at resonance frequencies of (b) 6.87 THz and (c) 

7.01 THz. The corresponding measured resonance frequencies are 7.05 THz and 7.2 

THz. 
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5.6 FTIR measurement results 

The THz transmission measurements show that SiC is highly dispersive in 

the THz spectral range.  The refractive indices of both 4H-SiC and 6H-SiC 

change approximately by 1 between 1-20 THz. This is due to the strong 

polar phonon modes which result in a clear Reststrahlen band. The polar 

phonons are so strong that it even affects the THz transmission as low as 1 

THz.  

 

Figure 5.8. (a) Spectral transmission of a 4H-SiC sample as a function of frequency 

measured by FTIR. (b) Reflectance as a function of frequency. The red dot lines 

border the Reststrahlen band and are the location of the LO and TO phonon 

frequencies.  

To complete the dispersion information encompassing the Reststrahlen 

band, FTIR measurements in transmission and reflection mode are 

conducted. The spectral transmittance and reflectance from the 4H-SiC 

sample are shown in Fig. 5.8. It is observed that a Reststrahlen band between 

the LO and TO phonons is formed in silicon carbide. The dielectric 

permittivity is negative in this band and the complex refractive index is 

purely imaginary. As a result the optical signals in this spectral range are 

completely reflected and it displays metal like behavior. In section 5.3 it is 

shown that the damping rate of phonons in SiC is smaller than that of metals 
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which meant that it results in stronger and sharper resonances in the 

frequency domain. These attributes foretell the prospect of SiC for high 

sensitivity sensing applications especially in high temperature and high 

power applications. 

5.7 Conclusion 

In this chapter optical properties and phonon modes of silicon carbide in the 

THz spectral range are explained. Folded zone lattice vibrations at 

frequencies of 7.82 and 18.2 THz for 4H, and 7.05 THz and 7.2 THz for 6H 

are measured and characterized with a broadband THz source and DFT 

simulations. It has been shown that a THz spectroscopy is a powerful tool to 

probe infrared-active folded zone phonon modes with the capability of phase 

measurement that enables complete understanding of the dispersion and 

decaying time properties.  The folded zone phonon modes result in Si-C 

atomic layers to move with respect to each other within the unit cell in a 

pattern characteristic to the polytype. Their specificity to the polytype is an 

ideal tag to identify polytypes uniquely. Due to the strong TO and LO polar 

phonon modes, the measurements show that SiC is a very dispersive material 

in the THz spectral range. The strong polar phonons located at 23. 9 (TO 

phonon) and 29.1 THz (LO phonon) form a Reststrahlen band in the 

frequency range bounded by them. The possibilities of strong and sharp 

resonances are excellent features for highly sensitive sensing applications 

and surface phonon polaritonics.   
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Chapter 6  

THz-induced nonlinear transmission in 
silicon carbide  

6.1 Introduction  

Silicon is a popular material platform for many THz systems and devices 

due to its high transmission in the THz spectral. However, recent advances 

in the THz science and technology enable generation of electric fields in 

MV/cm with  table-top systems [12]–[14], [18]. In strong THz fields, free 

carrier generation by impact ionization, even from intrinsic silicon, makes it 

no more transparent and can affect device performances [133]. We also 

observed a gradual degradation of optical reflectivity signal in the THz 

pump-optical probe experiments discussed in chapter 4 in an elongated 

exposure of the silicon sample by intense THz fields due to THz-induced 

sample damage. These call for a more robust material platform for the strong 

THz fields. The possibility to tailor the material platform to have a 

controlled nonlinear response is beneficial for novel integrated nonlinear 

device fabrications, thus, it broadens its functionality.  

In chapter 5 it has been discussed that undoped 4H and 6H polytypes of 

silicon carbide (SiC) have high transmission in the THz spectral range, 

except the sharp absorption lines due to weak folded zone phonon modes 

and suppression of transmission at high frequencies beyond 20 THz. A wide-

band gap SiC with five times higher breakdown voltage than silicon and a 

high radiation resistance is a promising material platform that complement 

silicon in the high power THz applications. We discuss in this chapter that 

SiC can tailored to have a THz-induced nonlinear response with sub-
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picosecond switching time by adding appropriate dopants. Such ultrafast 

transmission modulation can be utilized for the future THz-based all-optical 

signal processing.   

Introduction of dopants to the SiC is a crucial factor for its application 

in electronic devices. Selective addition of dopants is used to tune its 

photoluminescence wavelength in the visible spectral range. In this case, full 

understanding of its conductivity property such as dopant ionization and hot 

electron effects will help to improve the light emission efficiency. 

Furthermore, in its application niche in the high power electronics the 

material is expected to experience a strong electric field. This shows that 

understanding the hot carrier dynamics and its conductivity property is 

essential for the advancement of its utilization. These characteristics can be 

probed by a THz signal.  

In this chapter conductivity property of nitrogen, aluminum and boron 

(N-Al-B) co-doped 4H-SiC sample that demonstrate a nonlinear THz 

transmission is discussed. In the investigations broadband THz source is 

used to perform linear spectroscopy of the sample. Drude-based modelling is 

applied to extract carrier transport parameters. After the linear THz 

characterization of the sample, the nonlinear carrier dynamics of the 

processes that give rise to the nonlinear THz transmission are discussed.  

6.2 Electronic properties of silicon carbide 

Silicon carbide is an indirect band gap material with a wide band gap that 

depends on the polytype. The common polytypes of silicon carbide, 3C, 2H, 

4H, 6H and 15R have indirect bandgaps of 2.4, 3.26, 3.02, 2.80, and 2.99 eV 

respectively [130], [148]. The band structure of a 4H-SiC [149] that was 

obtained by ab initio study based on density functional theory (DFT) in the 

local-density approximation (LDA) is shown in Fig. 6.1. In the reported 

LDA calculation converged basis sets, which define the Bagayoko, Zhao and 
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Williams (BZW) procedure, are implemented to solve the prominent 

problem of the bandgap underestimation in many LDA calculations [150].  

 

Figure 6.1. (a) Electronic band structure of 4H-SiC obtain with ab initio simulation 

using density functional theory in the local density approximation (LDA) [149]. 

Band structure near the lowest conduction band minima for (b) 4H-SiC, and (c) 6H-

SiC. 

The band structures of 4H- and 6H-SiC near the conduction band 

minimum which are reported by Choyke et al. and calculated by using full-

potential linear augmented plane wave method are shown in Fig. 6(b) and (c) 

respectively [152]. A conduction band minimum is located at the M-

symmetry point of the Brillouin zone for the 4H-SiC and along LM 

symmetry line for the 6H-SiC [150], [151].  The peculiar feature of the band 

structure near the conduction band minimum is the presence of a second 

conduction band minimum in close proximity to the first. The exact value of 

the separation between the two conduction band minima in 4H-SiC varies in 

different reports in the range of  0.12-0.18 eV [34], [149], [152]–[154]. Even 

though the conduction band structures of 4H- and 6H-SiC are quite similar 

[35], [151], [153], band folding in the later results in a flat conduction band 

minimum along LM symmetry line of the Brillouin zone.  

Effective masses of the electrons and holes near the conduction band 

minimum and valence band maximum respectively play a crucial role in 
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determining the electronic properties of semiconductors. The carrier mobility 

(𝜇𝜇) in semiconductors is inversely proportional to the effective mass of the 

carriers (𝑚𝑚∗) such that,  𝜇𝜇 = 𝑒𝑒𝑒𝑒/𝑚𝑚∗, where 𝑒𝑒 is the electronic charge, 𝜏𝜏 is the 

carrier scattering time.  An isotropic effective electron masses of 4H-SiC are 

measured by optically detected cyclotron resonance (ODCR) technique [36], 

[155] and are determined along principal directions as mML=0.33mo, 

mMΓ=0.58mo, and mMK=0.31mo [156] where mo is the electronic rest mass. 

The second conduction band minimum has different effective electron 

masses along the three principal directions with mML=0.71mo, mMΓ=0.78mo, 

and mMK=0.16mo[153]. The differences of effective masses in the two 

conduction band minima results in different electron transport properties.  

The other electronic property relevant to this study is the dopant 

characteristics of the SiC. Impurities are doped in SiC crystal structure to 

engender free carriers and host recombination centers. Nitrogen, aluminum 

and boron are among the most common dopants in SiC. Nitrogen is the main 

donor impurity in all the polytypes and typical undoped SiC layers are n-

doped due to uncontrolled nitrogen presence during growth and high 

solubility of nitrogen in SiC [129]. Nitrogen atoms replace carbon in the 4H-

SiC lattice at both the cubic (k) and the hexagonal (h) inequivalent lattice 

sites in equal proportions [145]. Nitrogen has the lowest ionization energy of 

all the dopants where the ionization energy of nitrogen dopant state in 4H-

SiC at the k-lattice is, 𝐸𝐸𝐷𝐷(𝑘𝑘) = 52.1 meV, and at h-lattice point,  𝐸𝐸𝐷𝐷(ℎ) =

91.8 meV as measured by IR-absorption spectroscopy [145] .  

Aluminum and boron dopants act as acceptors in the 4H-SiC and 

replace silicon atom in the crystal lattice. The ionization energies of these 

acceptor dopants vary in the literature. Aluminum dopant ionization energy 

ranges from 191-230 meV and the ionization energy of boron 285-390 meV 

[129], [157]–[160]. Boron is also reported to result in an additional deeper 

energy level close to the center of the bandgap with a binding energy of 540-
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730 meV [157]. A photoluminescence measurement by Sun, et al [161] 

indicates that there is no emission from shallower boron acceptor states 

which indicate that the deep dopant levels are prevalent.  

6.3 Characterization of sample with low-power 
THz sources 

The investigated sample is a 4H-SiC co-doped with nitrogen, boron and 

aluminum; initially designed for an efficient SiC based photoluminescence 

experiment in a separate group. The sample is grown by physical vapor 

deposition [162] and it is cut parallel to the c-plane. The sample thickness is 

measured to be 230±10 μm. The uncertainty in thickness measurement is due 

to nonuniform thickness measured across different regions of the sample. 

The dopant content of the sample is measured by secondary ion mass 

spectrometry (SIMS) and the corresponding concentrations of the dopants 

are 1.1±0.2×1019, 3.9±0.2×1018, and 2.9±0.2×1015 cm–3 for boron, nitrogen 

and aluminum respectively.  

The binding energy of the nitrogen dopant is the smallest among the 

dopants and the free carriers from this donor states are the most accessible. 

The density of aluminum is three orders of magnitude less than that of 

nitrogen and the binding energy is approximately four times higher than the 

binding energy of nitrogen; as a result its contribution to free carriers and, 

subsequently to THz absorption is expected to be negligible. Boron has the 

highest dopant state ionization energy and the sample needs to be heated to a 

very high temperature to release the free carriers. Therefore, nitrogen is the 

major contributor of free carriers by either a field-induced ionization or a 

thermal excitation.  
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6.3.1 Transmission measurements with a weak THz         

signal  
Firstly, the transmission and conductivity characteristics of the sample are 

investigated using a weak THz signal from T-Ray 4000 source from the 

Picometrix.  The spectral THz transmission of the sample at 300 K is shown 

in Fig. 6.2. The schematic of THz-TDS measurement setting is shown as an 

inset. The ample has high absorption which an indication of high density of 

thermally released free carriers from dopant states at the room temperature.  

 
Figure 6.2. Spectral amplitude of the THz pulse transmitted through the N-Al-B co-

doped 4H-SiC sample at 300 K and a reference measurement. The THz source is a 

T-Ray 4000 from Picometrix. The schematic of the transmission measurement setup 

is shown in the inset. The THz beam is focused on the sample with a 3” THz lens.  

From the transmission measurements the dielectric property of the 

sample and its complex optical conductivity can be calculated. The 

relationships between transmission and dielectric constants are detailed in 

section 5.3.  The complex conductivity as a function of frequency, 𝜎𝜎�(𝜔𝜔), is 
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obtained from real and imaginary refractive indices (n, k respectively) from 

the following relationship.  

𝜎𝜎�(𝜔𝜔) = 2𝑛𝑛𝑛𝑛𝜖𝜖0𝜔𝜔 + 𝑖𝑖(𝜖𝜖∞ − 𝑛𝑛2 + 𝑘𝑘2)𝜖𝜖0𝜔𝜔 (6.1) 

Here, 𝜖𝜖0 is the dielectric permittivity of free space and 𝜖𝜖∞ the background 

dielectric constant. The linear response of frequency-dependent complex 

conductivity is often well described by the classical Drude model where the 

complex conductivity is given by, 

 𝜎𝜎� (𝜔𝜔) = 𝜎𝜎𝐷𝐷𝐷𝐷
1−𝑖𝑖𝑖𝑖𝑖𝑖

,  (6.2) 

where 𝜎𝜎𝐷𝐷𝐷𝐷 = 𝑁𝑁𝑒𝑒2𝜏𝜏/𝑚𝑚∗, 𝜏𝜏 are the DC conductivity and the scattering time 

respectively. 𝑁𝑁, 𝑚𝑚∗  are the density and the effective mass of free carriers 

respectively. The real and imaginary conductivities of the sample measured 

at different temperatures are indicated in Fig. 6.3. It is observed that as 

temperature decrease, the real part of the conductivity reduces. This 

indicates the DC conductivity reduces which means that the density of free 

carriers reduces. As temperature decreases, the number of thermally excited 

free carriers also decreases. The details about thermal excitation of free 

carriers are discussed in section 6.3.5.  

In a typical Drude response, the real conductivity reduces with 

frequency near zero frequency. On the other hand the imaginary part of 

conductivity increases with frequency near zero frequency before it starts 

decreasing in the frequency range of, 𝜔𝜔 > 1/𝜏𝜏. The measurements shown in 

Fig. 6.3 do not show these features. The real conductivities show slight 

increase with frequency and imaginary frequencies decrease slightly near 

zero frequency. These features are rather attributes of the Drude-Smith (DS) 

model. In fact conductivities in the spectral range covered by the T-Ray 

source are rather flat and reliable extraction of conductivity features is not 
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plausible. Thus, analysis with a broadband THz source is discussed in the 

following sections (6.2.3-6.2.4).  

 

Figure 6.3. The complex conductivities of N-Al-B co-doped 4H-SiC sample as a 

function of frequency at temperatures of 200, 300, and 400 K. The maximum 

frequency in these measurements is limited by bandwidth of THz pulse from the T-

Ray source.  

6.3.2 Transmission measurements in the broadband THz 
Setup 

For quantitative estimations of the scattering time and density of carriers 

analysis of the sample is performed with a THz-TDS with a broadband THz 

source. The details of the measurement setup are described in section 5.2. 

The sample is placed at the focus of the THz beam and THz transmission is 

measured. The Broadband THz transmission which is the ratio of the Fourier 

transform of the THz transient with and without the sample measured at the 

room temperature is shown in Fig. 6.4(a). The spectral amplitude of the THz 

signal as a function of frequency is shown in the inset. The transmission is 
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very low in comparison to the compensated/lightly doped SiC samples 

characterized in chapter 5.  

 
Figure 6.4. (a) Transmission of a broadband THz signal in N-B-Al co-doped 4H-

SiC sample. The blue arrow indicates the location of the folded zone phonon mode 

(7.97 THz). The inset shows the spectral amplitude of the THz source without the 

sample.  (b) Real and imaginary dielectric permittivity of a doped sample (red curve) 

and an undoped 4H-SiC sample (blue curves).     
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The dielectric properties of the sample are evaluated from the 

transmission measurement. The details of the procedure can be referred in 

chapter 5. Dielectric permittivity of the doped sample (red curve) and a 

compensated 4H-SiC sample (blue curves) are shown in Fig. 6.4(b). The 

dielectric permittivity of the doped sample deviates from that of an un-doped 

sample especially on the low frequency side due to presence of free carriers 

in the doped sample. Even though the transmission is rather low at high 

frequencies, folded zone phonon mode at 7.97 THz which is specific to the 

4H polytype is noticeable.      

6.3.4 Conductivity modeling with Drude-based models  
To interpret the THz transmission in terms of the microscopic free carrier 

properties, the conductivities are calculated from the dielectric properties 

using Eq. 6.1. The real and imaginary conductivities are shown in Fig. 6.5. 

Unlike the measurements with T-Ray 4000 source, access to the high 

frequency in this measurement setup, reveals clear increase in real 

conductivity with frequencies up to approximately 10 THz. On the other 

hand the imaginary conductivity decreases with frequency up to 

approximately 4 THz with negative conductivity values. These frequency 

dependences are not characteristic of the classic Drude model. These 

features can be fitted with the Drude-Smith conductivity model which 

describes disordered systems such as quasi-crystals and percolated systems. 

Unlike Drude model where it is assumed that isotropic elastic scattering 

results in randomization of momentum, carriers are assumed to have back-

scattering component and the memory effect is incorporated in the DS 

scattering model.  
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Figure 6.5. Complex conductivity of N-Al-B co-doped 4H-SiC sample calculated 

from the broadband THz transmission measurement with (a) Drude-Smith Fit, (b) 

Drude+Lorentz fit. The DS and DL fits are shown by dashed black curves. The 

fitting parameters of the models are included as an inset to the plots. Sample 

thickness of 228 μm is used in the fits. 
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Assuming that the memory effect is persistent for only one collision, 

the frequency dependence of the complex conductivity in DS model is given 

by [163],  

𝜎𝜎�(𝜔𝜔) =
𝜎𝜎𝐷𝐷𝐷𝐷

1 − 𝑖𝑖𝑖𝑖𝑖𝑖
 �1 +

𝑐𝑐𝐷𝐷
1 − 𝑖𝑖𝑖𝑖𝑖𝑖

�. (6.3) 

Alternatively, the real and imaginary parts of conductivity can be written as,  

𝜎𝜎1(𝜔𝜔) =
𝜔𝜔𝑝𝑝2𝜖𝜖0𝜏𝜏

[1 + (𝜔𝜔𝜔𝜔)2]2 [1 + (𝜔𝜔𝜔𝜔)2 + 𝑐𝑐𝐷𝐷(1− (𝜔𝜔𝜔𝜔)2)] (6.4) 

𝜎𝜎2(𝜔𝜔) =
𝜔𝜔𝑝𝑝2𝜖𝜖0𝜏𝜏2𝜔𝜔

[1 + (𝜔𝜔𝜔𝜔)2]2 [1 + (𝜔𝜔𝜔𝜔)2 + 2𝑐𝑐𝐷𝐷] (6.5) 

where 𝜎𝜎𝐷𝐷𝐷𝐷 is the DC conductivity, ϵ0  is dielectric permittivity of free space, 

𝜏𝜏 is the momentum relaxation time, 𝜔𝜔𝑝𝑝 is the plasma frequency defined by 

𝜔𝜔𝑝𝑝 = �𝑁𝑁𝑒𝑒2/𝜖𝜖0𝑚𝑚∗, 𝑚𝑚∗ is the effective mass of the free carrier, N is density 

of free carriers and 𝑐𝑐𝐷𝐷 is the fraction of the electron’s original velocity that is 

retained after back scattering. The DS fits to the real and imaginary 

conductivities have shown to be quite acceptable in terms of numerical 

accuracy. However, the derived parameters are not realistic. The scattering 

time of approximately 8 fs is much smaller than previously reported values 

of highly doped silicon carbide [164]. Additionally, the small value of 

𝑐𝑐𝐷𝐷implies a significant disorder in the sample which is not likely as the 

supplier specified rather a uniformly grown crystal.  

High absorption can also result from a resonant THz absorption which 

can be expected in doped silicon carbide due to the presence of low binding 

energy dopant states or valley-orbit splitting [164]. The complex 

conductivity response with resonant absorption can be described by a 

Lorentz-type response. In the presence of free carriers and resonant 
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absorption at frequency 𝜔𝜔0, the complex conductivity can be written as sum 

of the Drude and Lorentz contributions, i.e.  

𝜎𝜎�(𝜔𝜔) =
𝜎𝜎𝐷𝐷𝐷𝐷

1 − 𝑖𝑖𝑖𝑖𝑖𝑖
+

𝐴𝐴𝐴𝐴
𝜔𝜔𝜔𝜔 + 𝑖𝑖(𝜔𝜔02 − 𝜔𝜔2)

 (6.6) 

where A is constant that determines the strength of the resonant absorption 

and 𝛾𝛾 is the damping rate of the resonant absorption. Fitting of the complex 

conductivity with Drude+Lorentz model (Eq. 6.5) shows excellent 

agreement between fits and measurements as shown in Fig. 6.5(b) for a 

sample thickness of 228 μm. The fits indicate that a resonant absorption is 

located at frequency of 20.9 THz or energy of 85.7 meV. This value is close 

to the binding energy of the nitrogen dopant state at the h-lattice point (91.8 

meV [145]). This means that there is a strong, broad absorption centered at 

this frequency that results in generation of free carriers from the dopant 

states in a linear process. The scattering time obtained from the Drude + 

Lorentz fit is approximately 32.8 fs which is rather small but the sample is 

highly doped. In this condition, a small scattering time can be expected. 

From the DC conductivity the density of free carriers at room temperature 

can be obtained, 𝑁𝑁 = 𝜎𝜎𝐷𝐷𝐷𝐷𝑚𝑚∗/𝑒𝑒2𝜏𝜏 = 6.4 × 1016 cm−3 . Since the THz 

electric field is polarized perpendicular to the c-axis of the crystal lattice, a 

perpendicular effective mass of electrons (𝑚𝑚∗ = 𝑚𝑚⊥ = 0.42𝑚𝑚𝑒𝑒, 𝑚𝑚𝑒𝑒 is 

electronic mass) is used in the calculation of the density of free carriers.  

6.3.5 Temperature dependence of the free carrier 
density  

The density of free carriers generated by thermal excitation and its 

temperature dependence can be estimated from doping density with a 

neutrality equation that accounts the Fermi Dirac statistics. In nitrogen-

doped 4H-SiC the neutrality equation that accounts the two donor levels at 

the h- and k-lattice points, and the valley-orbit interactions is given by,  
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𝑁𝑁 + 𝑁𝑁𝑁𝑁

=
𝑁𝑁𝑑𝑑ℎ

1 + 𝑔𝑔ℎ𝑒𝑒𝑒𝑒𝑒𝑒[(𝐸𝐸𝑑𝑑ℎ/(𝑘𝑘𝐵𝐵𝑇𝑇)]+𝑔𝑔𝑣𝑣𝑣𝑣ℎ𝑒𝑒𝑒𝑒𝑒𝑒[(𝐸𝐸𝑑𝑑ℎ − ΔE𝑣𝑣𝑣𝑣ℎ)/(𝑘𝑘𝐵𝐵𝑇𝑇)]

+
𝑁𝑁𝑑𝑑𝑑𝑑

1 + 𝑔𝑔𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒[𝐸𝐸𝑑𝑑𝑑𝑑/(𝑘𝑘𝐵𝐵𝑇𝑇)]+𝑔𝑔𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒[(𝐸𝐸𝑑𝑑𝑑𝑑 − 𝐸𝐸𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣)/(𝑘𝑘𝐵𝐵𝑇𝑇)] 

(6.7) 

where 𝑁𝑁 is the density of free electrons,  𝑁𝑁𝑎𝑎  is the density of compensating 

centers,  𝑁𝑁𝑑𝑑ℎ  is the density donors at the h-site,  𝑁𝑁𝑑𝑑𝑑𝑑  is the density of 

donors at the k-site, 𝐸𝐸𝑑𝑑𝑑𝑑 = 91.8 meV, 𝐸𝐸𝑑𝑑ℎ = 52.1 eV are the binding energies 

of the dopants states at the h- and  the k-site respectively, 𝑘𝑘𝐵𝐵 is the 

Boltzmann constant, 𝑇𝑇 is the temperature, 𝛥𝛥𝛥𝛥𝑣𝑣𝑣𝑣ℎ = 7.1 meV, ΔEvok =

45.5 meV are the valley-orbit splitting at h- and  the k-sites 

respectively, 𝑔𝑔ℎ = 2, 𝑔𝑔𝑣𝑣𝑣𝑣ℎ=4, 𝑔𝑔𝑘𝑘 = 2, 𝑔𝑔𝑣𝑣𝑣𝑣𝑣𝑣 = 4 are donor degeneracy 

factors of the h- and  the k-sites. The values and the equation are taken from 

Pernot, et al [164]. As the temperature increases, more carriers are excited 

from the dopant state to the conduction band as can be inferred from the 

neutrality equation. 

 The temperature dependence of the free carrier density can also be 

measured with low power THz sources. T-Ray 4000 is used as the source of 

the THz pulses to measure the sample transmission as a function of 

temperature. The peak transmission of the sample in the temperature range 

of 10 K to 400 K is shown in Fig. 6.6 (red squares). The peak transmission is 

defined as the ratio of the peak of the electric field of the THz pulse 

transmitted through the sample and the pulse peak measured without the 

sample (air reference).  

A theoretical THz transmission as a function of temperature is 

estimated from the carrier density obtained by the neutrality equation. The 

calculation procedure for transmission in the model is as follows: first, the 

complex conductivity is calculated from the free carrier density obtained 

from the neutrality equation. The conductivity calculation is based on the 
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Drude+Lorentz model with fitted conductivity parameters discussed in 

section 6.3.4. The complex refractive indices are then calculated using the 

relationship of Eq. 6.1. The absorption coefficient is calculated from 

imaginary refractive index which enables calculation of the transmission. 

The relationships between absorption/transmission in dielectric constants 

used in the calculations are [117],  

𝛼𝛼(𝜔𝜔) =
2𝑘𝑘𝑘𝑘
𝑐𝑐

 
(6.8) 

𝑇𝑇(𝜔𝜔) =  
4𝑛𝑛

(𝑛𝑛 + 1)2 exp (−𝛼𝛼𝛼𝛼/2) (6.9) 

where T is the transmission, 𝛼𝛼 is the absorption coefficient, c is the speed of 

light, n, k, are the real and imaginary refractive indices respectively, and d is 

the thickness of the sample. The transmission is calculated at frequency of 

0.5 THz where the THz signal has high spectral amplitude. Calculations at 

several frequencies show that transmission does not change significantly 

within the main bandwidth of the T-Ray 4000 THz signal. Similar 

observations are manifested in the measured spectral transmission as 

function of frequency, i.e. the spectral transmission does not change 

significantly in the frequency range of 0.3 – 1 THz.  
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Figure 6.6. Peak transmission measured as function of temperature (red squares) and 

calculated by applying the neutrality equation (blue solid line). The inset shows the 

density of free carriers calculated from neutrality equation. The single data point in 

the inset (red square) is the density of free carriers obtained from analysis of the 

broadband THz measurement. 

It is to be noted that the carrier scattering time obtained at the room 

temperature is used in the theoretical calculations of transmission for all 

temperatures. The scattering time is the cumulative effect of collisions with 

ionized impurities, neutral impurities, crystal lattice vibrations and defect 

centers. Since the sample is highly doped with boron and nitrogen, it is 

expected that impurity scattering is the dominant scattering mechanism 

[164]. In this case, the scattering time is not strongly dependent on the 

temperature. While this approximation is sufficient to reproduce the 

temperature dependent measurements and discussions in this thesis, future 

measurements of temperature dependence of the scattering time is advisable. 

Consideration of the nitrogen dopant density measured by SIMS 

without compensating centers (Na = 0) gives a lower theoretical THz 
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transmission than the measured transmission. With the dopant density as a 

fitting parameter, best fit between the measured and the theoretical 

transmission is obtained with a dopant density of, 1.6±0.1×1018 cm–3. The 

measured transmission and the theoretical fits are shown in Fig. 6.6. The 

lower value of the dopant density obtained in comparison to the SIMS 

measurement is attributed to the compensating centers depleting free 

electrons. Boron and aluminum atoms can act as compensating centers 

depleting portion of electrons which could otherwise be released [165]–

[167].  It is also possible that trap states induced by the same dopant can act 

as compensation centers reducing the availability of active dopant states for 

ionization [158]. The assumption to neglect the density of compensating 

centers undermines the estimation of the dopant density. Moreover, not all 

dopant atoms are active which can release free carriers. For example, Pernot, 

et al. reported that only half of the ion-implanted aluminum atoms are active 

in terms of being able to release holes [158]. These measurement shows that 

more than half to the nitrogen dopants states are either compensated or 

inactive.   

The density of free carriers calculated with the neutrality equation as a 

function of temperature is shown as an inset in Fig. 6.6. The red square 

shows the density of free carriers at room temperature obtained by the 

broadband THz-TDS measurements. As temperature decreases more 

electrons are bound to the dopant states and do not interact with the THz 

field. As a result, the transmission through the sample increases. At low 

temperature below 50 K, almost all carriers are bound and the THz loss is 

expected to be only Fresnel reflection.  

The transmission measurements show a sign of saturation on the high 

temperature side of transmission-vs-temperature curve which is an indication 

that significant populations of active dopant states are ionized. The measured 

temperature-dependent transmission pattern and the calculations agree very 
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well especially at the higher temperatures. This confirms that nitrogen 

dopant state excitation is the primary contributor of free carriers and that the 

ionization energy values are acceptable.  The differences of measured and 

theoretical transmissions at low temperatures cannot be attributed to the free 

carriers. The density of free carriers is very small in these temperatures and 

their effect on transmission is minimal. At this moment the source of the 

slightly lower than expected transmission in the measurement is not clear, it 

could possibly be additional impurities in the sample which can be 

confirmed by measurements on additional samples. 

 6.4 Nonlinear THz transmission in the 4H-SiC 
sample 

Addition of dopants in 4H-SiC crystals results in dopants states with binding 

energies of approximately between 50 meV and half of the bandgap energy. 

In addition the conduction band minima near the M-symmetry point of the 

Brillouin zone are separated by only approximately 150 meV. In a THz 

electric field with moderate field strength, electrons in the conduction band 

can be energized beyond these energies. Inter-conduction band scattering of 

hot electrons or impact ionization process can provoke a nonlinear 

transmission in the sample. Similarly, these potential barriers can be lowered 

significantly triggering nonlinear process via Zener tunneling. Dynamics of 

the nonlinear THz field interaction in the doped 4H-SiC is discussed in this 

section. The time-resolved dynamics of these processes is probed by a weak 

probe pulse in THz-pump-THz-probe experiment which reveals ultrafast, 

sub-picosecond recovery time. 

6.4.1 Measurement setup  
Nonlinear transmission in the N-Al-B co-doped 4H-SiC sample is observed 

in the standard THz-TDS where an intense THz field is incident on the 
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sample. The optical setup used for this experiment is described in detail in 

chapter 2. An intense THz pulse generated by optical rectification in a 

lithium niobate crystal is focused on the sample. The transmitted THz signal 

is measured by electro-optic sampling in ZnTe and is compared with 

reference measurement without the sample. To measure the field-dependent 

THz transmission property, measurements are performed for several incident 

field strengths. The incident power is varied by relocating attenuating high 

resistivity silicon wafers before and after the sample in the collimated THz 

beam path. For low power THz transmission measurements, six silicon 

wafers are inserted in the collimated before the sample.   

To learn more about the microscopic dynamics of the non-equilibrium 

nonlinear process, temperature dependent transmission measurements are 

conducted by using closed cycle helium cryostat. The sample placed in the 

cryogenic chamber and the temperature is varied in a controlled sample 

heating.  

6.4.2 Results and discussion 
The transmitted THz pulses in the N-Al-B co-doped 4H-SiC sample with six 

attenuating silicon wafers in the THz beam path before the sample 

(attenuated incident THz field, 33 kV/cm) and after (280 kV/cm) are shown 

in Fig. 6.7(a). A strong incident THz pulse transmission reduces by 

approximately 20% as compared to an attenuated THz field transmission. 

The THz transmission a function of the incident field strength is shown in 

Fig. 6.7(b). As incident THz field decreases, the transmission increases and 

saturates with further reduction in the field strength. The nonlinear 

transmission is not observed in an undoped 4H-SiC sample where there is no 

significant density of free carriers. Therefore the nonlinear signal is 

attributed to the nonlinear interaction of the THz field with the dopant states 

and the free charge carriers. The large bandgap energy of silicon carbide 
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means that free carrier generation by interband transition with field used in 

these experiments (sub-MV/cm) is not possible.  

 

Figure 6.7. (a) Nonlinear transmission of an intense THz pulse with full THz 

illumination, 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 and an attenuated incident field  0.12 × 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇. (b) Peak 

transmission (ratio between peak of the THz pulse measured with sample and air 

reference) as a function of incident electric field. The blue dashed line curve is 

spline fit to guide the eye.  

In thermal equilibrium thermally ionized free electrons populate the 

lowest conduction band minimum. Strong electric field accelerates electrons 

and when electron energy is higher than the energy difference between the 

two nearby conduction band minima, electrons can scatter to the second 

conduction band minima via inter-conduction band scattering as shown in 

Fig. 6.8(a). The two conduction bands have different effective electron 

masses and subsequently, different carrier mobility. The difference in 

mobility translates into the differential transmission in the measurements 

between the strong and the attenuated THz pulses.  The sample is c-cut 

which meant that a THz field incident on the sample at the normal incidence 

has a polarization direction transverse to the c-axis of the crystal lattice. 

Differences in the transverse conduction band masses of electrons in the two 

conduction band minima result in differences in THz absorption by electrons 
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in the two bands. The transvers mass in the first conduction band 

(√𝑚𝑚𝑀𝑀𝑀𝑀𝑚𝑚𝑀𝑀𝑀𝑀 ) is higher than that of the second conduction band. As a result 

scattering of electrons to the second conduction band gives rise to an 

increase in absorption, i.e. lower transmission as observed in the 

measurements of strong THz fields.  

In a hypothetical situation where a conduction band electron is in 

ballistic acceleration without scattering in an electric field of 100 kV/cm, it 

takes an electron in the conducing band of 4H-SiC only 83 fs to reach energy 

of 0.15 eV. Even though this is simplified estimation, it shows that the 

electrons can easily reach energy higher than the difference between the two 

conduction band minima with the THz field available in the setup.  

 

Figure 6.8. (a) Schematic diagram of THz-induced inter-conduction band scattering 

between the two lowest conduction bands. (b) THz-induced dopant state ionization 

by Zener tunneling.  

Alternative, the reduction in transmission of strong fields can result 

from is the dynamic generation of free carriers through Zener tunneling. The 

THz electric field can lower the potential barrier within few atomic distances 

such that bound electrons at the dopant state can tunnel to the conduction 

band as shown in Fig. 6.8(b). The electric field needed to ionize the nitrogen 

dopant states can be estimated by Ɛ𝑖𝑖/α∗𝑒𝑒 ≈ 43 kV/cm where Ɛ𝑖𝑖 is the 
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binding energy of the dopant state, e is electronic charge, and α∗ ≈ 12 nm, is 

the donor Bohr radius [117], [168]. This shows that the THz electric field is 

sufficient to release dopant state electrons into the conduction band. The 

generated electrons in the conduction band results in an increased 

absorption. 

 At the same time high energy electrons in the conduction band with 

sufficient energy can collide with bound electrons in the dopant states 

liberating electrons to the conduction band in an impact ionization process. It 

is to be noted that while electrons need to be energized beyond separation 

energy of conduction band minima for intervalley scattering (>120 meV), 

impact ionization requires hot electrons with an energy higher than the 

binding energy of dopant states (appx. 52 meV for lowest N dopant state). 

This signifies the importance of impact ionization in the nonlinear dynamics.  

The sample transmission as a function of temperature in the high power 

and attenuated incident THz pulses are depicted in Fig. 6.9(a). The 

transmission is calculated as the ratio of the peak of transmitted THz pulse 

and the reference pulse. The dashed lines are theoretical fits. It shows that 

the nonlinear transmission spans the entire temperature range of the 

measurement (10 - 350 K). At low temperature below 50 K, the extent of 

thermal ionization of dopant states is not high enough to affect low power 

THz transmission. In this case, the nonlinear reduction of transmission of a 

high power THz field can be attributed mainly to the THz-induced dopant 

ionization. Due to ultrashort THz pulse combined with continuous operation 

of the cryogenic cooling during measurements, it is expected that that the 

THz-induced temperature rise, and subsequent thermal ionization at low 

temperature, is not significant. Once the free electrons are generated by the 

THz field, the dynamically generated free carriers are also involved in the 

inter-conduction band scattering or impact ionization, resulting in further 

reduction of transmission. On the high temperature side, significant densities 
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of free carriers are generated by thermal excitation and the reduction in 

transmission results from both dopant state ionization and inter-conduction 

band scattering.  

 

Figure 6.9. Temperature dependence of measured transmission of a weak (incident 

field strength = 33 kV/cm) and a strong THz fields (280 kV/cm). The dashed lines 

are simulation fits. (b) Simulated electric field profile inside the sample as a function 

of sample depth (y-axis) and delay time at room temperature. The sample is divided 

into 200 layers of 1.15 μm thick each and the electric field in each layer is calculated 

based on absorption of the previous layers and Fresnel reflection at air-sample 

interface of the first layer. 

To understand the nonlinear processes in more detail a simplified rate 

equation model that incorporates only THz-induced Zener tunneling and 

dopant state ionization is implemented. As discussed earlier 4H-SiC has two 

conduction band minima separated by energy of 0.12-0.18 eV. In a strong 

electric field electrons in the lower conduction band are accelerated by the 

applied field (Eq. 6.10). Acceleration of the electron beyond the energy 

difference between the two conduction bands leads to scattering of electrons 

to the second conduction band. Consequently, the second conduction band is 

populated. Electrons in the second conduction also scatter back to the lower 

conduction band, ultimately depopulating the second conduction band 

(a) (b)

Ein
(kV/cm)
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completely after the THz pulse (Eq. 6.11). At the same time electrons at 

dopant state can be ionized by either Zener tunneling or impact ionization. 

Here only Zener tunneling is considered by Eq. 6.12. These processes can be 

represented by a set of rate equations shown below,    
𝑑𝑑𝜈𝜈𝑖𝑖
𝑑𝑑𝑑𝑑

=
𝑒𝑒𝐸𝐸𝑖𝑖𝑖𝑖
𝑚𝑚𝑖𝑖
∗ −

𝜈𝜈𝑖𝑖 
𝜏𝜏𝑖𝑖

, 𝑖𝑖 = 1,2   (6.10) 

𝑑𝑑𝑁𝑁1
𝑑𝑑𝑑𝑑

= −
𝑁𝑁1
𝜏𝜏12 

+
𝑁𝑁2
𝜏𝜏21 

 (6.11) 

𝑁𝑁 =  𝑁𝑁1 + 𝑁𝑁2 = 𝑁𝑁0 − 𝑁𝑁𝑏𝑏 (6.12) 

𝑑𝑑𝑁𝑁𝑏𝑏
𝑑𝑑𝑑𝑑

= −
𝑁𝑁𝑏𝑏
𝜏𝜏𝑧𝑧𝑧𝑧 

 (6.13) 

Where 𝜈𝜈1 and 𝜈𝜈2 are velocities of electrons in the first (lowest), and second 

conduction bands respectively. 𝜏𝜏𝑖𝑖 is the momentum relaxation time, 𝑁𝑁, 𝑁𝑁1, 

𝑁𝑁2 are densities of total free electrons, electrons in the first conduction band, 

second conduction band respectively. 𝑁𝑁0, 𝑁𝑁𝑏𝑏 are the total dopant density and 

densities of bound electrons respectively.  𝜏𝜏12, 𝜏𝜏21 is the inter-conduction 

band scattering rate from the first to the second conduction band, and from 

the second to the first band respectively. 𝐸𝐸𝑖𝑖𝑖𝑖 is the electric field strength 

inside the sample. 𝑚𝑚𝑖𝑖
∗ is the effective electron masses in the ith conduction 

band.  

 In a highly absorbing sample, the THz field decays significantly as it 

propagates in the sample. The nonlinear process depends strongly on the 

electric field strength. Thus, for more precise representation of the electric 

field inside the sample, it is modeled as many thin layers and the electric 

field in each layer is adjusted by accounting the absorption history of the 

previous layers and the Fresnel reflection at the air-sample interface. The 

spatial and temporal profile of the electric field inside the sample at room 
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temperature is shown in Fig. 6.9(b). Near the top surface the electric field is 

strong and high nonlinearity is expected there.    

The total density of thermally excited free carriers before the arrival of 

the THz pulses is determined as a function of temperature using the 

neutrality equation (Eq. 6.6). The density of carriers is updated dynamically 

based a field-dependent Zener tunneling as the THz propagates in the 

sample. The tunneling and impact ionization rates of dopant states of 4H-SiC 

are unknown to the best of my knowledge. For the sake of simplicity only 

tunneling is considered.  The tunneling rate of electrons from the dopant 

state to the conduction band is incorporated into the rate equation through 

Eq. 6.10 where the tunneling rate (𝜏𝜏𝑧𝑧𝑧𝑧) is given by [168]–[170], 

𝜏𝜏𝑧𝑧𝑧𝑧−1 = 𝛽𝛽 �−
6𝛼𝛼
𝐸𝐸𝑖𝑖𝑖𝑖

�
2𝑛𝑛𝑙𝑙

∗−1
  𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝛽𝛽
𝐸𝐸𝑖𝑖𝑖𝑖

� (6.14) 

Where 𝛼𝛼 and 𝛽𝛽 the tunneling parameters that depend on the ionization 

energy and their value is not known for silicon carbide and are used as fitting 

parameters in the theoretical calculations. Parameter, 𝑛𝑛𝑙𝑙∗ is defined as 

𝑛𝑛𝑙𝑙∗ = 𝑒𝑒2(4𝜋𝜋𝜖𝜖0𝜖𝜖𝑟𝑟ℏ)−1𝑚𝑚∗/2Ɛ𝑖𝑖)0.5. Here 𝑚𝑚∗ is mass of electron in the 

direction of the electric field, Ɛ𝑖𝑖 is ionization energy of the dopant state, 𝜖𝜖𝑟𝑟 is 

the relative dielectric permittivity.   

Once the temporal and spatial population of the free electrons is solved 

from the differential equations, the THz transmission, T is calculated from 

the sum of absorptions in all the layers,  

𝑇𝑇 =
4𝑛𝑛𝑁𝑁𝑁𝑁

(𝑛𝑛1 + 1)(𝑛𝑛𝑁𝑁𝑁𝑁 + 1)
𝑒𝑒𝑒𝑒𝑒𝑒 ���𝛼𝛼𝑁𝑁,1𝑖𝑖 + 𝛼𝛼𝑁𝑁,2𝑖𝑖�𝑑𝑑𝑑𝑑

𝑁𝑁𝑁𝑁

1

�, (6.15) 

where 𝑁𝑁𝑁𝑁 is the total number of layers,  𝑛𝑛1 is the real refractive index of the 

first layer, 𝑛𝑛𝑁𝑁𝑁𝑁 is the refractive index of the last layer, 𝑑𝑑𝑑𝑑 = 𝑑𝑑/𝑁𝑁𝑁𝑁 is the 

thickness of a single layer and 𝛼𝛼𝑁𝑁,1𝑖𝑖, 𝛼𝛼𝑁𝑁,2𝑖𝑖 are absorption coefficients in the 
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first and second conduction band minima respectively. Conductivity 

parameters obtained from the broadband THz measurements are used to 

calculate the absorption.  

Theoretical fits of temperature dependence transmissions are shown in 

Fig. 6.9(a) (dashed lines). The reasonable agreement between simulation and 

measurement shows that the dopant ionization and inter-conduction band 

scattering causes the nonlinear transmission. The values of fitting parameters 

of the Zener tunneling rate are, 𝛼𝛼 = 46 kV/cm and 𝛽𝛽=2.3×109 s–1. The value 

of 𝛼𝛼 is in good agreement with dopant tunneling field of the nitrogen dopant 

(Ɛ𝑖𝑖/α∗𝑒𝑒 ≈ 43 kV/cm). However, this values need to be takes with caution 

because impact ionization and carrier recombination effects are not 

considered. These data are not known to the best of my knowledge. The 

carrier recombination process in the presence of many dopants further 

complicates the problem. Further measurements with more controlled 

dopants and dopant densities are needed to fully understand the dynamics of 

the physical mechanism of the nonlinear process. 

6.4.3 Time-resolved dynamics of the THz-induced 
nonlinear transmission 

A THz pump-THz probe experiment is performed to elucidate the time-

resolved dynamics of the nonlinear process. Similar to other pump-probe 

measurements presented in chapter 4, a strong THz pump pulse is used to 

trigger the nonlinear transmission and a variably delayed weak probe pulse is 

used to inquire the time-resolved dynamics. The probe pule in this 

measurement is approximately 3% of the pump field strength and it does not 

induce a measurable nonlinear transmission. Comparisons between the probe 

transmissions in a strong pump and an attenuated pump are made in an 

attenuation scheme that isolates nonlinear signal in the sample (See Fig. 

6.10(a)). 
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 Figure 6.10. (a) Simplified THz pump-THz probe setup for the investigation of the 

time-resolved nonlinear dynamics. tpp indicates the pump-probe delay time. 

Difference between probe pulse transmitted through the sample in the presence of a 

strong pump and weak pump pulses, (b) at room temperature, (c) at 10 K. 

Attenuation of the pump pulse is achieved by placing 4 silicon wafers on the 

collimated beam THz beam size.  

Figure 6.10 (b,c) shows the amplitude difference between the 

transmitted probe pulses in a strong THz pump (340 kV/cm) and an 

attenuated THz pump (82 kV/cm) at room temperature and 10 K as a 

function of pump-probe delay time. The strong red and blue regions in the 

2D map indicate nonlinear transmissions induced by the THz pump. In the 

room temperature scan, it is observed that the differential transmission is 

limited within a pump-probe delay time of only 1.5 ps which shows that the 

process has extremely fast recovery time. In the lower temperature scan once 

can see the weak differential transmission for several ps (See the red circled 

region in Fig. 6.10 (c)). The strong ringing signal at low temperature is 
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another indication that there is a nonlinear transmission with recovery time 

longer than the pump-probe delay range presented here.   

To look into the time-resolved dynamics in a more intuitive perspective, 

the peak of the probe pulse is monitored as a function of pump probe delay 

time.  The ratios of the probe peak scans in high power THz pump and 

attenuated pump as a function of pump probe delay time are shown in Fig. 

6.11. For visual aid of relative location of the probe peak relative to the 

pump peak, the THz pump profile is indicated on the upper panel. The 

incident THz electric field has field strength of 340 kV/cm. The peak scan of 

the 300 K measurement shows that the recovery time is less than a 

picosecond.  

In the case of low temperature peak scan it is observed that after 5 ps 

the peak transmission is approximately 10% lower than that of transmission 

before the THz pump pulse. At this pump-probe delay time there is no 

temporal overlap between the pump pulse and the probe pulse. For the room 

temperature measurement, the transmission drop recovers almost 

completely. These observations indicate that free carriers exist in the 

conduction band several picoseconds after the pump peak. Estimation of the 

free carriers based on the total absorption at pump-probe delay time of 5 ps 

indicates the presence of more than 3×1015 cm–3 free electrons.   
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Figure 6.11. (a) Full power incident THz pulse. (b) Normalized transmission 

of the probe peak a function of pump-probe delay at temperatures of 10 and 

300 K. The probe peak transmission in a strong pump is normalized to the 

probe transmission in an attenuated pump.  

THz-induced nonlinear transmissions have been investigated in many 

other semiconductor materials. For example intervalley and intravalley 

scattering processes in the conduction band have been demonstrated to show 

THz absorption bleaching in GaAs, Si, Ge, InGaAs among others [7], [8], 

[10], [71], [171], [172].  A THz-induced increase in absorption that we show 

here fulfils the technological applications that require transmission bleaching 

rather than absorption bleaching. Moreover while extremely fast modulation 

of transmission can be achieved by free carrier generation through ultrafast 

impact ionization and tunneling processes [20], [26], [133], the recovery 

time of the modulation process is slow and requires additional relaxation 
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mechanism to operate in THz modulation speeds. It is demonstrated that SiC 

can be used to make extremely fast modulation with sub-picosecond 

recovery time which can be applicable in ultrafast all-optical nonlinear 

signal processing at THz frequencies.  

6.5 Conclusion  

Extremely strong THz electric field is required to induce nonlinearity in 

undoped silicon carbide which is one of the most radiation resistant 

materials. In this chapter it is shown that SiC can be tailored to have 

extremely fast THz-induced nonlinear behavior in moderate THz fields by 

addition of appropriate dopants. This is demonstrated by investigating a 

highly doped 4H-SiC sample which contains high concentrations of nitrogen 

and boron dopants. The sample conductivity properties are analyzed with 

broadband THz pulses. Due to high level of doping, a low scattering time of 

approximately 33 fs is obtained. Investigation with the broadband THz 

source shows that optical complex conductivity is described by a 

Drude+Lorentz model where the Drude model accounts for free carriers and 

the Lorenz model accounts for resonant absorption by dopant states. 

 The doped 4H-SiC sample shows a nonlinear THz transmission 

attributed to THz-induced dopant ionization and scattering of hot electrons 

to the lower-mass conduction band minima. The nonlinear process has 

ultrafast sub-picosecond recovery time measured with THz pump-THz probe 

experiment. This shows that the nonlinear response of doped SiC 

demonstrates among the fastest nonlinear modulation schemes for THz 

signals that can applicable over a wide range of operating temperatures.   
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Chapter 7 

Conclusions and future perspectives  

In the last few decades terahertz (THz) technology has advanced 

significantly. As a result the THz gap label is no more applicable. These 

advancements in the THz technology revealed intriguing semiconductor 

physical properties and field-matters interactions. In this thesis it is 

demonstrated that a powerful THz electric field drives nonlinear THz-matter 

interactions in two semiconductor materials: silicon (Si) and silicon carbide 

(SiC).  

In the first part of the thesis intense THz pulse generation by optical 

rectification in lithium niobate (LiNbO3) crystal is used to investigate THz-

induced impact ionization dynamics in silicon. Field enhancement by 

metallic dipole antenna arrays has been used to generate strong electric fields 

of several MV/cm in the hot spots near the antenna tips. Previous 

investigations of field-induced impact ionization in silicon have been limited 

to sub-MV/cm due to avalanche breakdown and sample damage. The fact 

that THz pulses are short electric field pulses reduces the heating effect and 

allows investigations in a new field regime.  

The antenna arrays play a dual functionality of enhancing THz electric 

field and probing the dynamics of generation of free carriers. In the presence 

of an intense THz field the resonance frequency of the metal antenna array 

redshifts. This is attributed to a change in the refractive index of the 

substrate due to the generation of substantial amount of free carriers. 

Experimental results and simulations show that this extremely nonlinear 

THz-matter interaction increases carrier density in silicon by over seven 

orders of magnitude. The resonance shift of the antenna arrays is measured 

by THz illuminations from the substrate side and the antenna side of the 
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sample. Enhancement of the nonlinear resonance frequency shift for the 

back illumination in comparison to the front illumination is 

demonstrated and explained theoretically. This simple observation 

shows that the orientation of the sample can be highly beneficial for 

wide ranges of nonlinear phenomena at interfaces between dielectrics.  

Pump-probe measurements are implemented to understand the 

time-resolved dynamics of impact ionization in silicon. Firstly, the 

evolution of the density of free carriers is measured directly by 

monitoring the change of near infrared probe reflectivity in a THz plus 

optical pump-optical probe experiment. A 400 nm optical pump sets the 

initial density of free carriers. This allows investigation of impact 

ionization over a wide range of initial densities of carriers. An optical 

probe which is tightly focused to approximately 2 μm gives access to 

the local carrier dynamics near the antenna tips. Experiments in this 

setup together with Monte Carlo simulations clarify that carrier 

multiplication dynamics depends strongly on the initial densities of 

carriers. In the limit of low initial carrier density (1.5×1010 cm−3) the 

impact ionization coefficient is an order of magnitude larger than 

previous reports, and approaches the fundamental Okuto limit imposed 

by energy conservation. In this limit, with only a single electron 

initially present within the experimental volume, multiplication to more 

than 108 electrons within a few hundred femtoseconds is demonstrated. 

At high initial densities of carriers, impact ionization rate reduces due 

to Auger recombination, field screening and electron-hole scattering 

effects. By varying the incident electric field, it is verified that the 

Chynoweth impact ionization model is valid in the MV/cm regime 

which is not analyzed before because it exceeds the damage threshold 

for DC fields. Additionally, the optical plus THz pump-optical probe 

setup demonstrates capability of quantitative evaluation of local field 
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profile of an antenna fabricated on silicon which can be optimized to be a 

non-destructive testing tool to characterize antennas and metamaterials 

fabricated on semiconductors. 

It has also been shown that impact ionization dynamics can be resolved 

in time by THz pump-THz probe measurements by examining antenna 

resonance frequency shift of the probe pulse as a function of pump-probe 

delay time. The change of dielectric constant at THz frequencies is much 

larger than the corresponding NIR frequency for a given change of density 

of carriers. Under full power THz illumination the change of refractive index 

of silicon increases significantly reaching more than four times the refractive 

index of undoped silicon (with intrinsic carrier density) at THz frequencies. 

That means that THz probing is more sensitive than the NIR probing 

allowing measurement of lower changes in carrier densities. THz pump-THz 

probe measurements show that the resonance frequency of the metallic 

dipole antenna is modulated by 20% within few picoseconds due to carrier 

multiplication by impact ionization.  

The resonant frequency of a dipole antenna is uniquely defined by its 

physical length and the effective refractive index of its surrounding media. 

While the physical length of an antenna is difficult to change rapidly, it is 

shown that the refractive index of the surrounding medium can be modified 

significantly on an ultrafast time scale by generation of free charge carriers. 

This substantial modulation of the resonance frequency can be made 

reversible on the picosecond time scale by using a substrate with ultrashort 

carrier lifetime or fabricating PIN diode next to impact ionization region or 

by ion-implantation. The possibility to modulate the resonance frequency 

dynamically on picosecond time scales will have important implications for 

the future THz wireless communication systems. Ultrafast modulation of the 

dielectric property of silicon using THz in a noncontact manner could also 

be applicable for phase modulation in all-optical signal processing even in 
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the telecom wavelengths. Moreover, a single electron exists near the antenna 

tip in high resistivity silicon which is amplified to result in more than 100 

million electrons. By controlling the presence of that single electron the 

complete carrier multiplication process can be switched on and off. This 

paves the path to a new interface between single electron nano-electronics 

and macro-scale electronics operating at ultrahigh speeds. 

Even though nonlinear process induced in strong THz fields in silicon 

can be beneficial, in some situations it could be undesirable. For example, if 

it is to be used as a material platform for fabrication of high power THz 

devices, undesired nonlinear effect can arise from the substrate. Thus, a 

more robust material that stays linear in electric fields in MV/cm 

characterized, namely SiC. A linear spectroscopy with broadband THz 

source reveals very sharp and strong resonant absorption lines due to the 

folded zone lattice vibrations at frequencies of 7.82 and 18.2 THz for 4H and 

7.05 THz and 7.2 THz for 6H polytypes of SiC. Further investigations with 

the help of DFT simulations manifest the physical motion of the Si-C atomic 

layers for each phonon mode. It has been shown that a THz spectroscopy is a 

powerful tool to probe infrared-active folded zone phonon modes with the 

phase information that enables understanding of the optical dispersion in 

THz spectral region and decay time properties of phonon modes. Excitation 

of the folded zone phonon modes drives the Si-C atomic layers to move with 

respect to each other within the unit cell in a pattern characteristic to the 

polytypes which counts to more than 200. Their specificity to the polytype is 

an ideal tag to identify polytypes uniquely. Due to the strong TO (23.9 THz) 

and LO (29.1 THz) polar phonon modes, the measurements show that SiC is 

a very dispersive material in the THz spectral range.  

It is expected that extremely high THz electric field is required to 

induce nonlinearity in undoped SiC which is one of the most radiation-

resistant materials. However, it is shown for the first time that SiC can be 
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tailored to have extremely fast THz-induced nonlinear behavior in moderate 

electric fields by addition of appropriate dopants. This is demonstrated by 

investigating a highly doped 4H-SiC sample which contains high 

concentrations of nitrogen and boron dopants. The sample conductivity 

properties are analyzed with broadband THz pulses. Due to high level of 

doping, a low scattering time of approximately 33 fs is obtained for the 

sample. The complex optical conductivity obtained from broadband 

spectroscopy is described by Drude plus Lorentz model where the Drude 

model accounts for free carriers and the Lorenz model accounts for resonant 

absorption by dopant states. The doped 4H-SiC sample shows a nonlinear 

THz transmission attributed to THz-induced dopant state ionization and 

scattering of hot electrons to a lower-mass conduction band. As THz field 

increases, transmission decreases nonlinearly for electric fields higher than 

approximately 60 kV/cm. The nonlinear process has ultrafast sub-picosecond 

recovery time measured by THz pump-THz probe experiments. Thus, we 

demonstrate that SiC shows one of the fastest nonlinear modulation schemes 

for THz signals that can be applicable over a wide range of operating 

temperatures.   

It has been shown that THz pump-THz probe measurements enable 

time-resolved understanding of the dynamics of the THz-induced nonlinear 

processes. Generation and detection of two THz pulses in the same crystal 

induces nonlinear probe signal near the temporal overlap. This might 

obscure the nonlinear signal induced in the sample. Particularly, the 

nonlinear interaction in the generation crystal is shown to be very strong in 

our experiments and it is advisable to use a separate crystal for generation 

and detection of the pump and probe THz signals in the future.  

It has been demonstrated that an intense THz field has the potential to 

provoke interesting nonlinear interactions. Several applications of the 

nonlinear interactions have been proposed such as THz-induced phase 
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modulators, THz nearfield analyzer based on optical/THz pump-optical 

probe setup. It is expected that these novel functionalities will be 

implemented in the future. 

During this PhD, a model that reproduces some features of the 

experimentally observed nonlinear dynamics in the doped SiC has been 

formulated. The nonlinear process involves several mechanisms such as free 

carrier generation from dopant states through impact ionization, Zener 

tunneling, intervalley scattering and recombination. Thus, additional 

measurements and simulations are needed to completely understand the 

physical mechanism of the nonlinear interaction.  The sample that 

demonstrates THz-induced nonlinear effect contains several dopants that 

further complicate the analysis of the field-matter interaction pathways. 

Pump-probe measurements with more controlled sample doping will reveal 

more detailed understanding of the nonlinear process and help to decouple 

the contributions of each physical process involved in the interaction.  
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