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This dissertation presents nonlinear terahertz (THz) properties of carbon 

nanomaterials investigated by time-resolved high-field THz spectroscopy. In order 

to determine THz characteristics of nanomaterials, we performed THz power 

spectrum measurement, THz raster imaging, THz time-domain spectroscopy 

(THz-TDS) and time-resolved pump-probe experiment on two different types of 

single layer graphene and a free standing multi-walled carbon nanotubes 

(MWCNTs), utilizing strong single-cycle THz pulses (central frequency, 0.9 THz; 

bandwidth, 1 THz; THz field amplitude,      1 MV/cm) generated by optical 

rectification (a second order nonlinear optical process) of femtosecond laser 

pulses (pulse energy, 1 mJ; pulse duration, 100 fs; repetition rate, 1 kHz) with 

titled pulse front for phase matching between optical and THz pulses in LiNbO3



 

 

crystal.  

Strong and broadband THz pulses induce transparency single layer 

graphene grown by catalytic chemical vapor deposition (CVD). A substrate-free 

homogeneous graphene becomes more transparent to the THz radiation than an 

inhomogeneous graphene on silicon as the peak strength of THz field increases 

over 50kV/cm considered as the threshold of the nonlinear transparency effect. 

The experimental results show that suspended graphene is more efficient to 

manipulate THz signal than one with a substrate. 

 A free standing MWCNTs drawn from a forest of MWCNTs synthesized 

by CVD exhibit highly anisotropic linear and nonlinear THz responses. There are 

no nonlinear effects for the polarization perpendicular to the MWCNT axis, 

whereas, in the parallel polarization configuration, intense THz pulses induce 

nonlinear absorption in the quasi-one-dimensional conducting media. That is, it is 

revealed via time-resolved measurements of transmitted THz pulses and a 

theoretical analysis of the data that strong THz fields enhance permittivity in 

carbon nanotubes by generating charge carriers.  

Optical-Pump/THz-probe (OPTP) spectroscopy shows that optical pump 

pulses induce interband transitions in MWCNTs: Its conductivity is increased by 

generating photo-excited hot-carriers as the optical pump energy increases. On the 

other hand, Optical-Pump/Intense THz-Pump spectroscopy (OPITP) exhibits three 

carrier dynamics phenomena which are optical pump-induced absorption, THz 

field-induced absorption and transparency in MWCNTs: Intense THz and optical 

pump energies (               and                 give rise to photo-

excited hot-carriers and THz field induced-carrier density via band to band 

transitions,



 

 

however, sub-band scattering dominant in the THz-field range between 538 to 

653kV/cm leads to increased effective mass, which reduces carrier mobility. 
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Nonlinear Terahertz Spectroscopy and Imaging of Carbon 

Nanomaterials 

 

 

1. Overview 

 

 In the electromagnetic spectrum (Fig.1.1), the frequency band between 

microwaves and infrared regions has been usually called as terahertz band 

(THz,             ,              . In spite of this common definition 

of the THz band, unfortunately, there is no standard definition yet for the little-

known area in the world of the optical science. Due to lack of more appropriate 

THz technologies, this band is also named as “THz gab”. 

 

 
Fig. 1.1. “THz Gap” in electromagnetic spectrum: the unique position applied by either 

electronics or photonics [1-5] 

 

Table. 1.1. Specification of THz radiation
a
 

 
a
Reference [6-9] 
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THz radiation (or T-ray), in nature, is resonant with molecular vibration and 

rotation modes. T-ray has no harms to humans’ tissues and deoxyribonucleic acid 

(DNA) while penetrating plastics and clothes except metallic materials due to its 

low photon energy (Table 1.1) unlike X-ray (100eV       
       100keV). On 

account of properties of THz radiation, it has been employed in many parts of our 

real lives such as medical imaging, security, communication, electronic devises 

and astronomy etc [10-23]. 

The study on the THz band was begun by Rubens in 1900 [24], the first 

THz imaging was carried out in astronomy in 1960s utilizing far-infrared radiation 

(Far-IR) generated by differential frequency generation (DFG) [25]. After around 

three decades, single-cycle THz pulse generation by optical rectification (OR) 

introduced in 1990 [26] and time-domain spectroscopy (TDS) in 1995 [27] made 

greater attention drawn to THz science and technology invigorating THz 

applications in industry. ThruVision Ltd showed that THz radiation was useful to 

detect hidden guns in clothes in 2004 and a group in Argonne National Lab 

created portable T-ray device in 2007. Recently (2013), a graphene antenna 

responded to THz frequencies was developed in collaboration between 

Polytechnic University of Catalonia and Broadband Wireless Networking 

Laboratory of Georgia Institute of Technology. As these examples demonstrate, 

THz technologies have been rapidly improved as a result of lasting THz studies 

since 1990. 

Thus, we do not have any doubt that advanced THz science will not only 

bring technical innovations on the next generation electronics and photonics [28-

34], but also play a significant role for the benefit of humanity. That is why it 

becomes much important to identify THz properties of nanomaterials. 



3 

 

The first part of the thesis explains how to generate and detect THz 

radiation via theoretical studies based on principles of THz science. In particular, 

it is introduced a newfound and advanced THz-detection method to measure real-

time modulation of THz signal in optical pump-THz probe (or THz pump-Optical 

probe) spectroscopy. The latter half of this dissertation focuses on nonlinear THz 

properties, THz induced-transparency and absorption, of carbon nanomaterials 

experimentally demonstrated by time-resolved high-field THz spectroscopy. 
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2. Theory 

 

 

2.1 Linear Electromagnetic Wave Equations in Matter 

In order to understand the unique characteristics based on the interaction 

between THz radiation and materials, we shall review the macroscopic Maxwell's 

equations, the classical electromagnetic theory, to describe how THz waves 

propagate generally in uniform and arbitrary medium [35-39]. These macroscopic 

equations are expressed as 

 

                                   (2.1) 

      
  

  
                                                              

                                   (2.3) 

          
  

  
                                                        

                       

where  
 
 and    are the free charge density and the free current density while, in 

linear media, the macroscopic fields D and H related to the fundamental fields E 

and B are defined as the displacement field and auxiliary field with   , the 

permittivity, and   , the permeability, of free space as in the following manner. 

 

                                  (2.5) 
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where P and M represent the electric polarization (or dipole moment per unit 

volume) and magnetization (or magnetic moment per unit volume) which include 

the information about the macroscopic properties of materials responded by 

electromagnetic fields. 

     Electromagnetic wave equations are generalized by substituting Eq. 2.5 and 

Eq. 2.6 into Eq. 2.2 and 2.4, then taking the curl of the two macroscopic 

Maxwell's equations. 

 

              

   

   
     

 

  
      

  

  
                            

              

   

   
          

  

  
      

   

   
                  

         

Utilizing the vector identity that is                     and the 

other Maxwell’s equations, Eq. 2.1 and Eq. 2.3, we can rewrite Eq. 2.7 and Eq.2.8 

as 

 

         

   

   
  

  
 

 
   

 

 

  
    

  

  
                                

         

   

   
          

  

  
      

   

   
                         

 

Via Ohm’s law that describes the linear relationship between the current 

density and the fundamental electric field,       , where   is the electric 

conductivity, material dependent parameter, and neglected charge density 

fluctuations,      , Eq. 2.9 and Eq. 2.10 are simplified 
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In general, magnetic responses of materials are subtle whereas electric 

responses of matters are dominant. That is, assuming non-magnetic matters 

(     ,     and    ), Eq. 2.11 and Eq. 2.12 can be expressed as non-

magnetic wave equations: 

 

        

   

   
      

  

  
     

   

   
                                      

        

   

   
      

  

  
     

  

  
                                     

   

In this thesis, to figure out macroscopically how electromagnetic THz waves 

interact within materials, Eq. 2.13 will be used in several ways. The auxiliary field 

intertwined with the electric field is identified by Maxwell’s equations if E is 

known.  

At this point, let’s suppose the polarization of all matters in case of 

sufficient by weak strength of electric fields, considering the electric susceptibility, 

  , which indicates how the material polarization is responded and induced by the 

applied electric fields.    can be represented as a tensor dependent on frequency 

with infinite order terms. However, in the condition mentioned above, we don’t 

need to take account of all of higher order terms which have effects on nonlinear 

material polarization except the first order of the susceptibility tensor (   
   

 

   
   

      
   

      
   

 ). The linear polarization of matter can be written as  
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                            (2.15) 

  
   

  
 

  
                                                           

 

where    is dielectric constant (relative permittivity). Thus, Eq. 2.13 becomes the 

generalized linear wave equation for E using Eq. 2.15 and Eq. 2.16.  

 

     
 
 

  

  
    

 
      

 
    

   

   
                                      

       
  

  
      

   

   
                                                

 

If we neglect the conductivity   to simplify Eq. 2.17b, the linear wave equation 

takes the universal form for insulators or dielectric materials. 

 

        
   

   

 

  

   

   
                                                  

   
 

   
  

 

 
                                                           

 

where      
 

  
     ) is refractive index of the dielectric material and c is the 

speed of light in vacuum assuming     . As we know well, the general 

solutions of the electromagnetic wave equation for dielectric matter are 

monochromatic plane waves polarized linearly with angular frequency (     , 

the rate of phase change of wave) and wave vector (  
  

  
  where    represents 
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wavelength in material its refractive index is n)  

 

                                       (2.19) 

           
                            (2.20) 

 

Substituting the general solutions of the wave equations (Eq 2.19 and Eq. 2.20) 

into Maxwell’s equations (Eq. 2.1 with zero free charge,       and Eq. 2.3), 

we identify that  

 

                                   (2.21) 

 

the relationship between E and H related with wave vector and angular frequency. 

In other words, Eq. 2.21 indicates that electromagnetic fields (E and H) are 

transverse being perpendicular to k. From the curl equation (Eq. 2.2) inserted by 

the solutions (Eq 2.19 and Eq. 2.20), we find that E and H are orthogonal:   

 

                                (2.22) 

 

Moreover, utilizing the general solutions (Eq. 2.19 and Eq. 2.20) of the 

wave equation (Eq. 2.17b) for highly conductive materials (     ) and the 

dielectric wave equation (Eq. 2.18a), we obtain the dispersion relations derived 

from Helmholtz equations, (            and (           ,  

 

                               (2.23) 

                               (2.24) 
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Eq. 2.23 represents how the electromagnetic radiation propagates in 

dielectric matters with electric permittivity and magnetic permeability which 

quantify the electromagnetic characters of the medium. In a non-magnetic 

medium, the wave vector can be expressed as 

 

   
   

  
  

 

 
                                                       

 

where    is wave length in free space and   ( = 
 

 
 ) is speed of light that 

undergoes through the respective medium.   

     To determine the energy flux of an electromagnetic wave, we express the 

time-averaged Poynting vectors in the following manner. 

 

         
 

 
     = 

 

 
            = 

 

 
                  (2.26) 

 

The intensity of an electromagnetic radiation (or irradiance) 

 

        
 

 
      

                                                  

 

is the magnitude of the energy flux (Eq. 2.26) using unit of light intensity 

(W/   ). In particular, Eq. 2.27 is a useful formula for calibrating the intensity, I, 

obtained through the power dependence measurements with the amplitude of 

electric field,   , detected via time-resolved pump-probe experiments.  

From the dispersion relation (Eq. 2.24) for good conducting media, we 
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figure out that the wave vector is the complex number, 

 

                 
   

 
                                          

                 
   

 
                                               

 

presenting that the magnitudes of real and imaginary components of k are same. If 

we insert Eq. 2.28a into Eq.2.19,  

 

                                                 
                            

 

and then using Eq. 2.28b and Eq. 2.29, the skin depth (or penetration depth) is 

defined as 

 

            
  

   
 

 
 

   
   

 
     

         
 

 
                               

      
 

 
   
 

                                                        

                      

The skin depth, the imaginary part of   , provides an information about an 

attenuation length (  ) with which an amplitude of an incident electromagnetic 

wave decays to     (~36.7%) within a conducting medium as shown in Eq.2.30a 

whereas the real component of    determines conductivity ( ), wavelength 

(   
  

 
), speed of the wave (   

 

 
) and the refractive index of material (n = 

    

 
). 
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Lastly, from the relation between the intensity of an electromagnetic 

radiation (Eq. 2.27) and the skin depth (Eq. 2.30a and Eq. 2.30b), we obtain 

 

               
  

 

        
                   (2.31) 

 

For a conducting medium, absorption coefficient is defined as 

 

                  

 

 
    

 

  
                                     

             

where              , the complex refractive index of the medium. 

In conclusion, an incident electromagnetic field that transmits through 

typical bulk conductors experiences rapid decays (        being reflected 

mostly on it (              .   

 

2.2 Harmonic Oscillator 

Zinc Telluride (ZnTe) crystal is the one of the widely useful non-

centrosymetric matters utilized for generating (via optical rectification) and 

detecting (via electro-optic sampling) THz pulses. First, we consider the linear 

optical process and phenomena in the crystal. Figure 2.1(a) shows the non-

centrosymetric structure of ZnTe crystal formed by the asymmetric distribution of 

electrons in a chemical bond between Te and Zn which has less electro-negativity 

than Te. If the strength of a monochromatic EM plane wave passed through the 

crystal is sufficiently weak, the incident EM wave results in a symmetric potential 

energy along the chemical bond between them although its electron charge 
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distribution is asymmetry as shown in Figure 2.1(b).  

 

 
Fig.2.1 Linear response of (a) ZeTe crystal (non-centrosymetric material) with electric 

potential energy to a sufficient weak strength incident wave.  

 

 

Fig.2.2 Simple harmonic Oscillator model describes how an electron bound by a 

relatively rest positive charge responds of a monochromatic plan wave in a dielectric 

medium   

 

That is, under this condition, an electron bound to a stationary positive 

charge oscillates from its equilibrium position with very small amplitude like a 

simple harmonic oscillator (Figure 2.2).  

According to the classical Drude-Lorentz model to describe the motion for 

the harmonic oscillator damped in dielectric medium, the monochromatic plane 

wave of an angular frequency,  , and  

 

         
                          (2.33) 
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drives electron to oscillate within the potential wells and undergoes damping due 

to scattering mechanism of matter. Therefore, the damped-driven oscillator 

follows the equation of the motion. 

 

             
     

 

  
                                                

 

where  ,   , q and    represent the damping constant related with the 

scattering time   (or 
 

 
 ) in the electron-lattice system, the resonant frequency, 

the charge and the effective mass.  

The general solution of Eq. 2.34 can be expressed as 

 

         
                            (2.35) 

 

That is, the displacement from equilibrium position of the damped-driven 

oscillator should follow the way as 

 

    
 

  

  

  
         

  
 

  

  

     
                                     

 

where            
          indicates a complex common denominator 

function at   for simplifying Eq. 2.36. 

Let’s suppose that there are N oscillators per unit volume in a dielectric 

matter, considering an electric dipole moment induced by the an external E field, 

 

                                 (2.37) 
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From the dipole moment compared with Eq.2.15 inserting Eq. 2.36 into Eq. 2.37, 

the macroscopic polarization and the electric constant of the medium can be given 

written as  

 

                    
   

                    (2.38) 

          
   

     
   

    
 

 

  
         

       
  

 

     
                  

 

where  
   

    
 is the plasma frequency defined as   

  when electrons moves freely 

in the system with      and    . 

The real and imaginary numbers of the relative permittivity (Eq.2.39):  

 

             
 

   
     

          
                                           

            
 

  

      
 
                                                            

 

linked with the dielectric dispersion relation, 

 

              
 

 
        

 

 
                                        

 

provides information about the linear optical properties such as the phase velocity 

of the wave and the exponentially decayed intensity of the radiation in dielectric 

medium with   (an absorption coefficient ) (Eq. 2.29): 
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Figure 2.3 (graphed by Eq. 2.40a and Eq. 2.40b for understanding about 

linear optical responses of dielectric material) presents the dispersion of dielectric 

medium near the resonant frequency.  

 

 
Fig.2.3 Dielectric dispersion as a function of frequency around the resonance. 

 

The real number of the complex dielectric constant shows how EM waves 

dependent upon frequencies experience different speeds, whereas the imaginary 

one indicates their absorption within the dispersive matter. In the area far more 

from   , the waves propagate at approximately same speeds due to the constant 

refractive index of it without absorption. However, near the resonance, the 

absorption and the speed depend on   (called normal dispersion). 
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2.3 Wave Equation and Optical Processes in Nonlinear Media 

 

2.3.1 Second-Order Nonlinear Wave Equation 

     In the previous section (Ch 2.2), we looked into the linear optical properties 

of the dielectric medium via the linear motion of the equation described by the 

classical Drude-Lorentz model. In general, external electromagnetic waves in 

nature make electrons bound in matter move or oscillate about a stable position 

with a very small amplitude, neglecting the effects of magnetic fields. That is why 

the electric dipole moments (or oscillations) of electrons dominate linear optical 

responses in typical matter.  

However, what happens if electromagnetic waves applied to a nonlinear 

crystal are sufficiently strong (e.g., ultra fast and high power laser)? We may agree 

that expected answers to the question should be related with the nonlinear optical 

phenomena observed under these special conditions [40, 41]. This section will 

guide to the wonderful nonlinear worlds.    

 

 

Fig.2.4 Non-linear response of (a) ZeTe crystal (non-centrosymetric material) with 

electric potential energy to a sufficiently strong incident waves. 
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As shown in Figure 2.4, two strong optical pulses give rise to nonlinear motion of 

electrons in the asymmetric potential along the chemical bonding between Te and 

Zn of the non-centrosymetric crystal. That is, the perturbation terms can’t be 

neglected as           any more. 

 

  
                                                                    

 

In the nonlinear regime, the asymmetric potential energy, Eq. 2.43, has the 

form expanded by a useful Taylor series in the following manner with the 

perturbative parameter  . 

 

              
 

 
    

       
 

 
                                           

                  
                                                    

 

Thus, incorporating the perturbation term        interacted with two 

waves, the Drude-Lorentz model takes the form as    

 

             
             

 

  
                                         

 

The incident frequencies       required to describe the second-order nonlinear 

optical processes such as optical rectification (OR), second harmonic generation 

(SHG), electro-optic sampling (EO) and pockel effect etc can be expressed as  
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with an expansion parameter,  , for perturbation procedure and c.c represents 

complex conjucate. In order to find the solution of the equation for the nonlinear 

motion Eq.2.46, the nonlinear displacement        should be convergent (This 

assumption based on   
        is acceptable)  

 

                                                                      

 

and expressed as nonlinear terms expanded by Taylor series with   , 

 

                                                                        

 

By substituting the solution (Eq. 2.48) into the equation of nonlinear motion 

(Eq.2.45),  

 

 
 

   
                       

                          
                 

                      
                                              

 

The equations for the first, second and third-order terms can be sorted by    for 

perturbation procedure. 
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Eq. 2.50b illustrates a nonlinear (the second-order term) oscillator damped in 

dielectric matter whereas Eq. 2.50a describes the linear motion for the harmonic 

one mentioned in the section 2.2. (We will not scope out the third-order wave 

equation, Eq 2.50c, which has no actual connections with my dissertation 

experimentally).    

In the second order terms (   ), the nonlinear wave equation of dielectric 

material is:  

 

                  
                

 
                                     

 

With the first order displacement for two photon processes,  

 

              

   
            

   
                                            

 

the right-hand side of the Eq. 2.51 can be written as 

 

                             
 

      

   
 
 

            

   
 
 

         

                         

   
   

   
                

   
   

   
                        

       

   
 
 

      

   
 
 

                                                           

 

where the amplitude responded linearly at    is  
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Eq.2.52b includes the second order nonlinear optical processes such as   

    

                                      

   
 
 

            

   
 
 

             

        

                                              

   
   

   
                              

Difference Frequency Generation (DFG) :     

   
    

   
                            

Optical Rectification (OR) :            

   
 
 

              

   
 
 

            (2.53d) 

Pockels Effect (PE) :                 

   
 
 

             
   

 
 

            (2.53e) 

 

Thus, from Eq 2.52b, Eq. 2.53a, 2.53b, 2.53c, 2.53d and 2.53e, we can obtain the 

general solution of the second-order differential wave equation, Eq.2.51, in the 

following manner,    

 

                         

                  
                                        

 

Recalling the relationship between an incident monochromatic wave and 

macroscopic polarization of linear media (Eq.37 and Eq.38), the polarization of 

nonlinear material should be rewritten in ways mentioned below : 
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where      and      are two incident frequencies while                      

which obeys the law of conservation of energy is output frequency induced by the 

second-order optical processes within a lossless nonlinear medium. Figure 2.5 

shows three frequencies interacting within a lossless second-order nonlinear 

matter.  

 

Fig.2.5 Second-order nonlinear optical process: Three frequencies           and 

                  interact within a lossless second-order nonlinear matter.     

 

 
Fig.2.6 Energy level diagrams for the second-order optical processes which describe how 

three photons interact in a lossless nonlinear dielectric material: (a) SHG (         , 

(b) SFG (            , (c) DFG (            , (d) OR (        , and (e) 

Pockels effect (         , 
 

Figure 2.6 describes how three photons interact among energy levels of a lossless 

dielectric nonlinear medium. Each diagram indicates SHG (Figure 2.6 (a)), SFG 

(Figure 2.6 (b)), DFG (Figure 2.6 (c)), OR (Figure 2.6(d)) and Pockels effect 

(Figure 2.6 (e)). 

To sum up, the second-order polarizations responded to second-order 
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susceptibility to qualify the optical properties of the nonlinear dielectric medium 

can be expressed as: 

 

                                       
                    

                               

                                
                      

                    

                                 
                       

                

                                           
                   

                             

                                      
                  

                              

 

where                       are 

 

                                     
    

       

 

                    
                    

                             
    

       

 

                      
          

                          
    

       

 

                       
        

                                      
    

       

 

                   
                      

                                      
    

       

 

                 
                     

 

with the amplitude responding to the second order optical processes 
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Therefore, the representation of the bulk polarization dependent on orientation (i, j 

and k, indices to stand for Cartesian coordinate) and frequency (according to the 

Eq. 2.53a, 2.53b, 2.53c and 2.53d) can be generalized to     

 

   
                   

                             
        

   

 

   
                                                          

                                          
                        

 

where     
   

 (indicates the tensor of the second-order nonlinear susceptibility and 

its magnitude) is 

 

                        
    

       

 

      
      

      
 

                       

 

with            (the displacement dependent on frequencies for a nonlinear 

oscillator) 
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In particular, OR and Pockels effect (closely related to OR) are of my 

interest because OR and Pockels effect provide understanding and actual guides 

about how to generate and detect THz fields (especially Electro-Optic sampling) 

via nonlinear crystals (LN and ZnTe) used in my lab. The next sections [2.4.2 and 

2.4.3] will explain what OR and EO are in detail.   

 

2.3.2 Optical Rectification 

In this section, reminding of the equations (Eq. 2.58d, Eq 2.58d, 2.60d) 

and the energy level diagram for description of OR (Fig.2.6d in Ch 2.4.1), we will 

investigate how a rectified polarization led by optical pump pulse (not continuous 

wave) in nonlinear crystals (ZnTe & LN) produces THz pulse.  

 

 

   Fig.2.7 Description of Optical Rectification 

  

As shown in Figure 2.7, THz radiation generated from the time varying 

polarization induced by OR, the second-order optical process, depends on the 

direction of polarization of an applied optical field E(t) assumed that it is Gaussian 

pulse in a non-centrosymmetric crystal. 
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For example, when the polarization induced by OR in ZnTe or LN is parallel to 

the optical axis (It means the direction in where a ray of optical light propagates 

through the nonlinear crystal without undergoing double refraction called as 

birefringence), the polarization responses greatly rather than other orientations 

between them, so that maximized THz field (or radiation) can be produced from 

the nonlinear crystals. In my lab, the THz field strength has exceeded over 

1MV/cm exploiting a LN prism for THz generation. Thus, in order to acquire 

better understanding about THz generation via OR, it is important to identify the 

geometrical relations between the external optical field vector and the second-

order nonlinear susceptibility tensor     
   

 of the nonlinear crystal. Utilizing the 

nonlinear susceptibility tensor     
   

, the bulk polarization induced by OR can be 

expressed as 

 

  
                    

                  
          

  

                   

 

According to the contracted notation [41], it can be rewritten with the 

matrix equation such as 
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where the symbol     indicates the tensor elements of the d-matrix to make the 

nonlinear susceptibility tensor simplified as 

 

     
 

 
    

   
                                                          

 

                                       
   
   

      
 
  

      
 
  

      
 
  

     
 

     
     

 
     

     
 

     
                      

 

Table 2.1. The second-order susceptibility tensor & d-matrices of Zinc Telluride (ZnTe) 

and Lithium Niobate crystal (LiNbO3  or LN) [41,42] 

Material Zinc Telluride Lithium Niobate  

   

Crtystal 

System 

 

Cubic Trigonal 

Crystal  

Class 

 

                     Uniaxial  

Point 

Group 

 

   C
3 

 

    

 pm/V) 
   

        
            

    ,    
      

d-matrix 

 
   
   
   

     

     
     
     

   
   

        
         

     
        

     
   

  

 

Table 2.1 shows the second-order susceptibility tensor and d-matrices of ZnTe and 

LN crystal. In particular, except    ,    , and     (           ), other 

contracted matrix elements of ZnTe are vanished due to its crystal symmetry (it 
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has the cubic structure) while there are non-vanishing components    ,    , and 

    (       ), of the contracted matrix of LN crystal which has uniaxial crystal 

class.  

Therefore, by inserting an arbitrary electric field in terms of spherical 

coordinates 

 

    
  

  
 
  
  
  

      
         
         

    

                                      

 

into Eq 2.67, equations of the macroscopic polarization induced by OR in 

ZnTe and LN can be expressed as:   

 

                    

  
   

  
   

  
   

       
   
   
   

     

     
     
     

 

 

 
 
 
 

  
 

  
 

  
 

     

     

      

 
 
 
 

 

          
      

         
         

              
                            

       

  
   

  
   

  
   

       
   

        
         

     
        

     
   

 

 

 
 
 
 

  
 

  
 

  
 

     

     

      

 
 
 
 

 

      
  

                    
        

       
                      

       
           

                       

 

From Eqs 2.65, 2.69 and 2.70, the intensities of THz radiations are 
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where   represents angle between the incident optical field and the z axis (a 

normal direction of a plane) of the prisms.  At        
 

 
    

  

 
 and     

 
 

 
    

  

 
 , Eq. 2.71 and 2.72 can be rewritten as  

 

    
            

    
   

                                                     

    
          

   
          

                  
                          

 

simplified as functions of THz radiation intensities only dependent on  . 

 

 
(a)                                      (b)  

 

Figure.2.8 Planes and structures with Miller and Miller-Bravais indices [h k i] in cubic 

and trigonal crystals : (a) ZnTe and (b) LN 

 

That is, as shown in Figure 2.8, when the applied optical field lies in [110] (Miller 

indices) plane of ZnTe crystal and [010] (Miller-Bravais one) plane of LiNbO3, we 
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can expect to maximize THz radiation intensities. (In crystallography for planes in 

crystal lattices, Miller and Miller-Bravais integer indices [h k i] which denote 

direction of plane orthogonal to vectors of the reciprocal lattices are very useful 

notation forms [43]. There is an important thing to keep in our mind when we use 

Miller indices. They indicate only the normal direction of the plane in cubic 

crystal structure (Figure 2.8a), but [h k i] are generally not normal to its plane 

(Figure 2.8b etc)). Figures 2.9a and 2.9b, schematized Eqs 2.73 and 2.74, instruct 

how the optical polarization orientates along the optical axis of the crystals in 

order to generate the maximum intensities.  

      

 
(a)                                            (b) 

Fig.2.9 Intensity of THz radiation vs   (radian) in (a) ZnTe and (b) LiNbO3 crystal  

 

When the polarization of an incident optical field is parallel to the        axis, 

corresponding to      
                           , of ZnTe prism (Figure 29a), 

the maximum output intensity of THz radiation is   
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while, if an optical field is parallel to the optic axis ( [001] or    
     ) of a  

LiNbO3 crystal, it will be maximized as 

 

        
       

    
   

                                                    

 

Typically, THz power produced by OR within LiNbO3 is much stronger than that 

in ZnTe. In my lab, THz field exceed over 1MV/cm via OR in LiNbO3 and we 

study strong THZ-field & carrier dynamics in multi-walled carbon nanotubes and 

single layer graphene, whereas ZnTe crystals      
          kv/cm) have been 

used for THz detection. 

 

2.3.3 Pockels Effect 

     ZnTe (one of Electro-Optic (EO) crystals such as ZnTe, CdTe, GaP, InP, 

GaAs, GaSe, LiNbO3 and LiTaO3) is commonly utilized for THz detection in 

many THz spectroscopy labs because EO sampling can measure an actual electric 

field of THz signal which includes information about its not only amplitude but 

also phase [8, 44] which cannot be measured by a power detectors (e.g., bolometer 

and pyroelectric detectors) and a Michelson interferometer. In this section, we 

discuss what Pockels effect, the second-order optical process, is before we have an 

in-depth discussion of how Pockels effect works in EO sampling for THz 

detection (How to measure THz pulse via EO sampling will be concretely 

explained in section 3.2.2)  
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Fig.2.10 Description of Pockels Effect 

 

Figure 2.10 gives an explanation how three waves interact in a lossless dielectric 

nonlinear media. In ZnTe as an EO crystal, birefringence is induced by an incident 

THz field. When an optical pulse passes in ZnTe under this condition, linear 

polarization of the optical wave is slightly changed into an elliptical polarization.  

The second-order polarization (Eq.2.58 (e)) produced by pockels effect in 

ZnTe can be rewritten with the nonlinear susceptibility tensor,     
   

. 

 

  
                    

                          

  

                     

 

In a lossless medium, the bulk polarization generated by Pockels effect (Eq.2.77) 

has the same second-order nonlinear coefficient as OR (Eq.2.66), 

     
                 

            . That’s why all of the d-matrix components for 

optical rectification are also available in the nonlinear susceptibility tensor of 

Pockels effect.  

Calling Eq 2.69 to mind, we are able to write the polarization (Eq 2.77) as 

the matrix equations   
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when the linear polarizations of the applied optical wave under the influence of 

the THz field 

 

  
   

  
  

   

  
 

 
  
 

                      
     

  
   

  
 

 
  
 

                        

 

which are parallel to        plane of a ZnTe prism propagates in EO crystal, the 

nonlinear polarization of the optical field is perpendicular to the incident optical 

wave. 

 

     
   

          
   

  
                                               

                                                                                                                                                                                                                                                

In other words, Eq. 2.80 connotes that the incident optical wave polarized linearly 

evolves into the optical field polarized elliptically, due to the THz field-induced 

birefringence in EO crystal. 

 

2.4 Fresnel Formula 

This section has a significant relevance to study on strong THz field 

responses of the free standing MWCNTs because total transmission coefficient 
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determined by Fresnell’s conditions depends on the structure of the sample.  

 

 
Figure.2.11 (a) Free standing MWCNT sheet built up on a U-shaped polyethylene reel can 

be regarded as (b) infinitesimally a thin film or (c) a film of finite thickness. 

 

We study two kinds of the free standing MWCNT samples fabricated: one 

of them was built a stack of MWCNTs sheets upon a U-shaped polyethylene (PE) 

reel (thickness, 125 m). MWCNTs sheet was wound multiple times around the 

support [45]. For this thesis, the former samples (Figure 2.11a) had been measured. 

By considering a free standing MWCNT sample as a single layer structure (the 

thickness of the sheet ~ 50nm, Figure 2.11 (b)), we confirmed that transmission 

coefficients determined by Fresnell’s equations for a film of finite thickness are 

more consistent than those obtained by thin-film approximation (Figure 2.11 (b)) 

which was appropriate for study on THz responds of single-layer graphene [46]. 

Therefore, firstly, we will figure out what Fresnell’s equations are, and then we 

are going to determine the total transmission coefficient of a single layer (or three 

media system), a thin-film, and three layers (or five media system) structures, 

using Fresnell’s conditions.   
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2.4 .1 Fresnel Equations 

     When light meets a plane surface between two different dielectric lossless 

media (linear, homogeneous and isotropic matter), the electromagnetic wave 

transmits through and reflects from the interface with constant frequency obeying 

the law of energy conservation and satisfying the boundary condition known well 

as Snell’s law. 

 

                                                                      

      

where   ,   ,    and   are reflective indices of two media, the angles of 

incidence and refraction measured from normal direction of a plane surface.  

 

 

 

(a) p-polarization                    (b) s-polarization 

Fig.2.12 Electric field is parallel (perpendicular) to the incidence of plane: (a) p-

polarization and (b) s-polarization. The angle of incidence is equal to the angle of 

reflection (        ).    is the angle of refraction. 

 

Figure 2.12 shows how incident electric waves are transmitted and reflected 

on the plane of incidence (xz-plane) illustrating p- and s-polarizations. The 
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polarization of an applied electric field that is perpendicular to the plane of 

incidence is denoted as p-polarization (Figure 2.11 a), while the polarization of 

incident wave is named as s-polarization (Figure 2.11 b) when it is parallel to the 

incidence of plane. At the interface between two isotropic and linear dielectric 

media, both of cases should be satisfied by boundary conditions at any point and 

time on the surface:  

 

                     
                                                                                    

                                    
                                                              

  

 

                        
                                                                                   

                                   
                                                      

  

 

where indices { , r ,t},   ,    (        ) and         represent incident, 

reflected, transmitted media, angles of incidence, reflection and refraction at the 

boundary surface (Figures 2.11a and 2.11b). Eqs.2.82a and 2.83b inserted by Eq 

2.22 can be rewritten as  

 

                                       
 

    
     

 

    
    

 

    
                                  

                                
 

    

             
 

    
                              

 

Assuming         , each of them (Eqs. 2.84 and 2.85) combined with Eqs. 

2.82a and 2.83b yields  
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and  

                      

 
 
 

 
     

  

  
 

 

 
               

               
                                 

 

    
  

  
 

 

 
        

               
                                

  

 

where    (  ) and    (  ) indicate reflection and transmission coefficients in the 

case of p- polarization (s-polarization). These equations know as Fresnell’s 

equations or Fresnell’s conditions describe the behavior of light reflected (Eqs. 

2.86a and 2.87a) and transmitted (Eqs. 2.86b and 2.87b) between matters that 

have different refractive indices.  

 

2.4.2 Fresnel Formula for Single layer and Thin Film 

 

Fig.2.13 Transmission and reflection of incident ray in a single layer (or three media, 

        ) 
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The total THz transmission coefficient determined via Fresnell’s conditions 

includes invaluable information to indentify optical properties of a sample in THz 

regime.  

Figure 2.12 shows traces of transmission and reflection ray in three media 

structure where   ,   , and    (        ) represent refractive indices of 

media 1, 2, and 3: when a incident ray of light observing Snell’s law and the 

Fermat’s principle travels through the lossless medium 2, electromagnetic wave 

are repeatedly refracted and reflected at interfaces between different media 

undergoing optically phase delays within the medium 2.  

The total transmission coefficient obtained by summing up all of 

individual transmission components (in general, higher the order (n) is, longer 

transmission and reflection are) can be formulated as, 

 

             

 

   

                                                                                                                

        
                 

                        
                  

         
            

      

 

   

                                                                        

         
    

 

             
                                                                     

 

where      is the phase delay term in medium 2, 
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At normal incidence (i.e., the angle of incidence is zero) Fresnell’s boundary 

conditions 

 

     
   

     
                                                             

     
     

     
                                                             

 

are inserted into Eq. 2.91, to obtain the integrated transmission coefficient of the 

single layer structure. 

 

    
     

                                      
                      

 

In the thin-film approximation           ), the phase delay is expressed as 

 

                  
  

 
         

   

 
                             

 

Thus, the total transmission of the thin-film can be written as  

 

   
     

                    
     

  

    
   

             
    

  
     

                                         

 

If the thin film is highly conductive (  
    

  
                     , the 
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transmission coefficient of the metallic thin film has the simple form of  

 

   
   

             
                                                

 

In my study, media 1 and 3 of the samples such as free standing MWCNT sheets 

and single layer graphene films are air of which the refractive index is 1. From the 

relation between refraction and conductivity in a conductor (Eq. 2.24), we are able 

to obtain the phase terms depending on the conductivity  .  

 

         
 
  

 
   

  

   
                                           

                        

where   ( 
 

   
       ) is the vacuum impedance.  

Eventually, defining    as   , the sheet conductivity of the metal thin-

film, we get the following total transmission coefficient in air (         

 

   
   

            
                                              

   
 

      
                                                      

 

Total rays reflected from the interface between the first (  ) and second media (  ) 

include light transmitted through a thin-film after it internally is reflected within 

the medium 2.   
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Eq. 2.104 can be simplified by the geometric series  

 

        
          

    

             
                                            

   
                        

    

             
                                 

 

In lossless media, by summing reflectivity, R, and transmittance, T, defined as the 

fractions of incident radiation power  

 

                                                               

 

Eq 2.92, the reflection coefficient, can be written as  

 

   
         

    

         
    

                                                       

 

and if we apply the normal incidence Fresnell’s equations (Eqs.2.93 and 2.94) and 

the set for thin-film approximations (Eqs 2.96 and 2.99) mentioned for 
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transmission coefficient into Eq 2.108, we can simplify the reflection coefficient 

of metallic thin-film (
    

  
                    in the following manner. 

 

   
                                     

                                     
                     

  
                        

    

  
 

                        
    

  
 
                                        

   
              

              
                                                         

 

 

2.4.3 Fresnel Formula for Multi-Layer Media 

Via the method tracing rays transmitted through or reflected on interfaces 

between dielectric lossless multilayer media, it is too cumbersome to determine its 

transmission or reflection coefficients. That is why, in particular, this section 

introduces more appropriate approach to obtain the transmission coefficient of a 

multi-layer medium [47].  

 

Fig.2.14. Structure of multilayer (N+2) dielectric and lossless media.    and    

represent the incident and reflected rays on the left side, while      and      show the 

refracted and incoming rays on the right side: There is no incoming wave (the red dash 

arrow) on the right side.    
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Figure 2.14 shows the multilayer structure (or N+2 media). Conventionally, an 

incident and reflected waves,    and   , are on left side, while transmitted ray 

     is gone out on the right side.      (the red dash arrow) is the other 

incoming one in the (N+2)
th

 medium: Actually, there is no incident ray in this side, 

but this component is required for Fresnel formula of multiple dielectric slabs. 

These waves (  ,   ,      and     ) can be linked with the condition in 

following manner. 

 

 
  

  
           

    

    
                                               

 

where the matrix         and    are expressed as  

 

                                                                 

    
 

      
 

           

          
                                        

 

As a result, Eq. 2.112 can be rewritten as 

 

 
  

  
   

      

      
   

    

    
                                        

                                                             

                                                             

 

From Eqs. 2.116 and 2.117 with     = 0, we obtain transmission and reflection 

coefficients. 
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We calculate the transmission coefficient of a free standing MWCNT sheet 

in air (three layers or five media) as shown in figure 2.15, applying Eqs 2.112, 

2.113 and 2.114. 

 

Fig.2.15. (a) a free standing MWCNT sheet wound on a reel in air and (b) the 

structure of the sample, three layers or five media.   is the air gab between two 

MWCNT sheets and d is their thickness. 

 

The matrix,        , is  

 

                                                                                    

 
 

    

 

    

 

    

 

    
 
      

      
                           

 

Thus, the transmission based on Eq. 2.118 and Fresnell’s boundary conditions 

( Eqs. 2.93 and 2.94)  
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where    is complex refractive index of the MWCNT sample (           ). 

If we are trying to calculate t and r of a dielectric multilayer sample by ourselves 

via the method tracing ray, perhaps, we might tremble at the thought of that.  
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3. Terahertz Generation and Detection 

 

In this chapter, we discuss THz generation via optical rectification of titled 

femtosecond pulses in a lithium niobate prism (the largest second-order nonlinear 

susceptibility coefficient is           ) and THz detection by a bolometer, a 

michelason interferometer and EO sampling by Pockels effect (the electro optic 

coefficient,          ) in ZnTe.  

 

3.1 Terahertz Generation 

3.1.1 Velocity Matching 

     Through the section 2.3, we reached the agreement that nonlinear 

macroscopic polarization is a prominent source of electromagnetic radiation based 

on that the bulk nonlinear polarization induced by the second-order optical 

processes with a dielectric lossless material is proportional to intensity of light 

radiation (Eq. 2.65) dependent on  , the orientation between direction of 

polarization of incident optical pulse and the optical axis of LN (Eq. 2.75) or [  10] 

axis of ZnTe (Eq. 2.79). However, a crucial aspect which we should never 

overlook for THz generation is about a momentum mismatch (or phase, velocity 

or wave vector mismatch) between waves passing in lossless nonlinear material. 

Figure 2.9 shows only the angle-dependent ( ) THz radiation intensity regardless 

of phase matching condition. That’s why we will discuss velocity matching 

condition between input and output frequencies in nonlinear material in the 

present section. 
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     Let’s assume 1D mono-chromatic plane waves propagating along the Z-axis 

in lossless nonlinear medium. The nonlinear bulk polarization (as light source) 

produced by two incident waves will radiate output photon, an electromagnetic 

field        . By exploiting field equation             
          , 1D plane 

wave equation to describe this phenomenon can be expressed in the following way 

 

         

   
  

  

  

         

   
  

 

    

           

   
                             

 

where the nonlinear polarization (Eq. 2.61) is  

 

               
                                                                   

      
        

                                                   

 

By inserting Eq 3.3 and         into Eq. 3.1, we arrive at   

 

      
           

   
 

  
 

  

      
           

   
 

     

  

        
                    

   
      

    

   
      

   

  
   

       
 

  
     

                               

 

If wave length is much smaller than length of pulse, for example,   and l are 

30 m and 800nm slowly varying envelop approximation 

 

 
    

   
     

   

  
                                                          

 



47 

 

 

leads Eq 3.5 to become 

 

   

  
   

       
 

      
     

                                                 

 

where                 is a momentum mismatch. Assuming    and    

are constant, if we take integral from 0 to L (length of a material) of Eq. 3.6b with 

respect to z (propagating direction), we can determine the amplitude of output 

field dependent on L and    

 

        
       

 

      
            

 

 

                                          

  
       

 

     
     

       

  
                                            

  
       

 

     
      

           

     
                                      

 

Recalling Eq. 2.27, the intensity of an electromagnetic irradiance can be 

formulated as 
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where    
    

 

            ,   is 1 for SHG while   is 2 for SFG, DFG, OR and 

Pockels Effect and    represents coherent length     
 

  
 .  

 

 
Fig.3.1 The relation between the conversion efficiency and propagation length of 

nonlinear medium (sinc
2 
function) 

 

Figure 3.1 shows that the conversion efficiency       in lossless dielectric 

nonlinear medium: While    is decreased as     is increased in momentum 

mismatch (    ), the efficiency becomes maximized under the phase matching 

condition for the second order optical processes (    ) 

 

                                                                                    

                                                                         

                                                                         

                                                                                    

                                                                                          

 

Let me explain more about the velocity matching (    ) with the case of THz 
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generation by optical rectification (Eq. 3.16). As shown in figure 3.2, satisfying 

the phase matching condition in the second order nonlinear material, THz 

radiation undergoes a constructive interference which means that the more it 

propagates along z axis, the more amplified linearly THz field is whereas THz 

irradiance experiences a destructive interference as the optical pulse is faster than 

THz wave (     or          )  

   

 
Fig.3.2 THz field satisfied by phase matching condition      is amplified linearly, but 

at     , the more it propagates, the more destructive interference it undergoes in 

nonlinear medium  

 

Even if it is too hard for us to satisfy velocity matching condition between the 

group velocity of optical pulse and the phase velocity of THz pulse in nonlinear 

crystals such as LN (It is much easier to satisfy the phase matching condition in 

ZnTe than LN), we must make the walk-off length which THz field experiences in 

it minimized in order to generate effective THz radiation (           ) avoiding 

that the total THz field is vanished (           ). 
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where    is optical pulse duration.  

As far as we know, the most of nonlinear crystals are dispersive at optical and 

THz frequencies, which means that the refractive indices of them vary in   

(        and        ). Consequently, the group velocity of the optical pulse 

and the phase velocity of a broadband THz pulse  

 

       
  

     
                                                       

       
 

    
                                                         

 

are different in dispersive medium, which is causative of the velocity mismatch in 

general. For example, in ZnTe crystal, the refractive indices of the optical 

frequency envelop (or group velocity of optical pulse) and of the central frequency 

of the THz spectrum (or the phase velocity of THz pulse) have the forms [48]    

   

         
         

                
 

          
                                     

         
         

            
 

          
                                            

 

where      indicates the wave length of optical frequency (unit:  ) and      

represents the frequency of THz pulse.      and      to satisfy the phase-
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matching condition based on Eqs 3.21 and 3.22 and as shown in the figure 3.3 

should be 812   and 1.69THz:        
                   

                  . 

 
Fig. 3.3. Refractive indices of optical group and THz phase velocities in ZnTe crystal 

(Figure 3.37 from Ref. [8]) 

 

      In the lab, THz field (    
    ~ 100kV/cm) induced by optical rectification 

has been generated in a 1.0-mm thick ZnTe crystal [110] (the effective electro 

optic coefficient,          ), under the velocity-matching condition 

        
            

      between optical pulse (pulse duration    ~ 100fs & the 

wave length   ~ 0.812 m) and a single cycle THz pulse (          . 

However, in the 1% MgO-doped stoichiometric lithium niobate crystal 

which has the greatest electro optic coefficient (          ), it is too difficult 

to make the velocity-matching condition between the refractive index of an optical 

pulse [49]  
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and the THz phase refractive index. 

 
Fig. 3.4. Optical group and phase refractive indices in LiNbO3 crystal  

 

In other words, we are unable to expect any effective intensity of THz 

radiation produced by OR because they propagate in LiNbO3 prism undergoing 

the large walk-off length (Figure 3.5 and Eq. 3.18) arose from the mismatch 

between the optical group refractive index at      ~ 0.8  m (       
        , 

the black solid line in Figure 3.4) and the phase refractive index of THz pulse at 

1THz (       
      ) [8, 50-52]  

 

 

Fig 3.5. Phase Mismatching between optical group and THz phase refractive indices in 

LiNbO3 crystal 
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In order to solve the velocity-mismatching problem in Lithium Niobate 

crystal, a front of an optical pulse should be titled. 

  

3.1.2 THz generation in LiNbO3 

Due to the different speeds between optical and THz pulses in LN crystal: 

(       
            

  ), it is almost impossible to generate powerful and effective 

THz fields induced by optical rectification in it applying the normal (or 

conventional) method as mentioned in the section 3.1; making an optical wave 

propagate co-linearly to a THz pulse in order to satisfy the velocity-matching 

condition in ZnTe crystal. That is, the more optical pump pulse passes through LN 

prism, the more destructive interferences THz pulse undergoes in the crystal 

(Figure 3.6). Eventually, THz radiation will be eliminated under the velocity-

mismatching condition.     

 
Fig 3.6. The non-tilted optical pump wave takes a walk-off length,          

   

 
   

           
, forward than THz radiation in LiNbO3 crystalL:        

            
    

  

However, here is a very unique and wonderful solution to overcome the 

phase-mismatching problem: In order to make them co-propagate through LN, the 

front of femto-second pulse must be tilted at Cherenkov angle [53, 54] 
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where the symbol    indicates Cherenkov angle: For instance, when a combat 

plane (or the source of the sound waves) moves much faster than the sound waves 

(      
     ~340m/s at room temperature) in the air, a shock front transformed into the 

shape of a corn is radiated along with the trajectory of the plane remaining the 

constant angle (  ). Likewise, THz waves is emitted with    as the femto-second 

optical pump beam considered as a point source (        = 300    the wave 

length of THz pulse) propagates faster than THz waves in the medium, LN. 

 

 
Fig. 3.7. (a) & (b) the titled optical pump pulse satisfy the phase-matching condition with 

the THz pulse in LiNbO3 crystal:        
                           

         . 

At this condition, THz radiation is amplified in phase.  

 

Thus, if optical pulse front is arrayed with the Cherenkov corn, THz radiation 

(called as Cherenkov radiation) is amplified coherently in phase co-propagating 

with THz pulse at the same velocity in LN crystal as shown in figures 3.7 (a) and 
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3.7b (       
           

        ). In the lab, under satisfying velocity-matching 

condition with tilted optical pulse in Lithium Niobate crystal, THz field can be 

strongly generated via optical rectification (    
           ).  

 

3.1.3 Diffraction grating 

The titled optical pulse is formed by a diffraction grating (an optical 

component) which spreads the femto-second optical beam (or light) into different 

directions. In particular, a blazed (asymmetric triangular) diffraction gratings (or 

echelette gratings) are preferred to other types of gratings (ex. Holographic, 

concave, plane, transmission, and laser tuning gratings etc) because, from a blazed 

diffraction grating, we can obtain the specific wave length (     = 800nm) with 

high efficiency. 

 

 
Fig. 3.8. (a) Littrow configuration & (b) diffraction at a blazed grating.   indicates the 

angle of incidence and   represents the diffraction angle dependent upon order m ( = 0, 

  ,   …). d is line spacing. 
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Figure 3.8a shows the Littrow configuration. In this condition, the incidence angle 

( ) and diffraction angle ( ) measured from grating normal are parallel to the step 

normal (or perpendicular to the step)  

 

                                                                

  

where    is the blaze angle between grating normal (or normal to surface) and 

step normal. 

In general, except the Littrow configuration, beams diffracted at a blazed grating 

travel in different directions governed by the equation of grating. 

 

                                                              

   

where d (~556   in the lab) is the line spacing and    is the wave length of the 

light diffracted into order m along the angle of diffraction  .  

 

 

Fig. 3.9. Schematic diagram to describe how the incident optical pulse front is tiled by 

diffraction grating. 
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Therefore, an optical pulse front titled by a blazed grating can satisfy the phase-

matching condition with THz pulse in LN crystal (Figure 3.9) 

 

3.1.4 Two lens system and half-wave plate (HWP) 

     We should choose and use an appropriate spherical lens for generating 

highly energy density of THz radiation via LN prism. Fundamentally, a spherical 

lens has aberration by which wave front and THz radiation are distorted and 

ineffectively generated: These phenomena become worse in spherical lens that has 

a short focal length. Due to different focus locations of the center and outside of 

the spherical lens, the optical pulse front aligned at Cherenkov angle is distorted 

after it passes through the lens. As the result, THz radiation can not be amplified 

fully by partial phase-mismatching in LN prism.  

   

 
Fig.3.10. Schematic diagram of the experimental set up for THz generation 

 

Thus, in order to solve the aberration issue caused by the first spherical lens (the 

focal length,   ), the second plano-convex lens (the focal length,   ) which 
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compensate the distorted optical pulse front is built up after the first one. That is, 

the energy density of the optical pump pulse can be conserved by being passed 

through the two plano-convex lenses (its diameters required to collect all of the 

rays in the lab are 2 inch or ~51mm).  

The tilt angle ( ) required to satisfy the velocity-matching condition 

between        
   and        

   in the two lenses system should determined by 

the following formula [53] 

 

      
      

       
        

                                                

                  
                                              

 

where   ,   ,  ,     ,        
   and        

   represent the Cherenkov angle, a 

groove density of a blazed grating (or diffraction grating), the angle of diffraction, 

the wave length of the optical pump beam, the optical group refractive index of 

the LN prism and the optical phase refractive index of the LN crystal while     

and    indicate and the horizontal magnification factors that have significant 

effect on the tilt angle of the pump pulse front,  .  In particular, the 

magnification parameters for efficient and strong THz generation can be 

determined by the ratio of the focal length of the second lens to one of the first 

spherical lens in the real setup. 

 

      
  
  

                                                          

 

The experimental values of the factors based on the focal lengths of the two lenses 
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(  ~250mm and   ~150mm) utilized in the lab are 0.6. Now, it is time to choose 

proper groove grating for optimized THz radiation in this condition.  

 

 
Fig. 3.11. Magnification factors,    &    as function of the diffraction angle   

(reprinted from [53]) 
 

According to the Figure 3.11 that shows how    and    link with  , the angle 

diffracted from the various groove (or blazed) gratings (   ~ 1400/mm, 1600/mm, 

1800/mm, 2000/mm, 2200/mm and 2400/mm), the ideal groove density    to 

obtain high strong THz field from LN prism in the two lenses system should be 

1800/mm (   
          

                     
         

     ) instead of 

2000/mm (  
          

                     
         

     ).  

At this point, there is one more thing that needs to be mentioned. It is about 

the orientation of polarization of the tilted optical pulse front with respect to the 

optic axis of the LN crystal: An optical pulse (          ) emitted from 
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Ti:sapphire femtosecond laser system is polarized horizontally whereas the optical 

axis of the LN crystal is oriented vertically (Eq 2.76, Figures 2.8b and 2.9b). The 

incident optical waves polarized horizontally lead zero bulk polarization in 

LiNbO3 crystal (                          ). In other words, our task 

assigned to improve the efficiency of THz generation is to switch from the 

horizontal direction of its polarization to the vertical one which is parallel to the 

optic axis of the LN crystal (                           ). To solve the 

polarization issue, we can find the clue via half-wave plates (HWP). As shown in 

Figure 3.12, the incident pump pulse polarized linearly in the x-axis is oriented 

into z-axis by the phase retarder constructed of birefringent uniaxial crystals 

(            ).  

 

 

Fig. 3.12. The Role of HWP: The polarization of the phase-shifted pump pulse by HWP 

has the exact same orientation with respect to the optic axis of LiNO3  
 

Here is Jones matrix to describe its polarization state rotated by HWP in free space.  
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where       and       as typical ket notation are corresponding to Jones vectors 

 
 
 
  and  

 
 
 : The former one represents the horizontal polarization state (the 

state polarized linearly in the x-axis), while the latter one indicates the vertical 

polarization state (the state polarized linearly in the z-axis). And     is the angle 

between the fast axis of HWP and the x-axis, which means that polarization of the 

transmitted pump pulse is rotated as twice (        when the incident optical 

wave pass through the HWP with this orientation (     ).  

     In conclusion, the wave front of optical pump pulse can be aligned with 

Cherenkov angle (      ), reducing the adverse effects such as wave front 

distortion and partial phase-mismatching raised due to spherical aberration and 

satisfying the conditions demanded for the efficient THz generation (  
       

   
              , and        

          
    when the incident optical pump 

wave front (            diffracted with   (the diffraction angle       ) by 

the blazed grating (groove density   ~1800/mm) pass through two plano-convex 

lens (  ~250mm and   ~150mm). The bulk polarization has the greatest response 

to the titled optical pump pulse (      ) polarized linearly in the optic axis of 

the LN crystal (             ) via HWP and then finally generates strong 

THz field from the nonlinear crystal (    
           ) 

 

3.2 Terahertz detection 

      This section will introduce how a bolometer [55] and spectrometers 

(Michelson Interferometry [56], Electro-Optic sampling [48] and the new 

detection method) detect invisible THz radiation. In particular, the new detection 

method is very useful in time-resolved pump-probe spectroscopy. 
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3.2.1 Bolometer & Michelson Interferometry 

     A Silicon (Si)-bolometer cooled by liquid helium (L-He, temperature ~ 4k) 

is the most sensitive thermal detector and the excellent one to measure power of 

THz, IR, UV and X-ray radiations. The operation principle (how to measure THz 

radiation) of a typical L-He cooled Si-bolometer is describe in Figure 3.13. 

 

 

Fig. 3.13. Compositions of L-He bolometer described schematically: the symbols,   , 

  , R and C represent the temperature of the heat sink, the temperature of the bolometer, 

resistance dependent on temperature and the heat capacity of ① and ② unit, ① Diamond 

substrate with Bi thin film absorber, ② doped Si thermometer, R, ③ heat conducting 

wire, G. (Reprinted from Figure 4.25 of Ref [8]) 

 

The part ②, the thermometer is heated by the energy of incident THz radiation 

absorbed via the part ① which consists of Bi thin film absorber with diamond 

substrate connecting to the heat sink ③ filled with cryogenic liquid helium. The 

thermometer resistance R changed due to the increased temperature brings variety 

of current I. That’s why the bolometer can measure the integrated power of THz 

irradiance, keeping high sensitivity (         
 ). Experimentally, the effective 
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hours of L-He cooled Si-bolometer use are approximately eight hours in the lab. 

     Using Si-bolometer, there is another method to measure the power spectrum 

based on interferogram. It is Michelson Interferometry (Figure 3.14a): By silicon 

beam splitter (Si BS), THz radiation is split into two beams. One of them which 

experiences different path length from movable mirror (  ) recombines with the 

other beam reflected back from a fixed mirror (  ), which form interference 

pattern (Figure 3.14 (b)). Figure 3.14 (c) shows the power spectrum of THz 

radiation converted by Fourier transform.  

                      

 
Fig. 3.14 (a) Schematic diagram of Michelson Interferometer, (b) interferogram obtained 

by Si-bolometer and (c) power spectrum of THz radiation converted by Fourier transform. 

 

Unfortunately, Michelson Interferometry has the weakness that it is unable to 

provide phase information 
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3.2.2 Electro-Optic sampling 

As mentioned in the section 2.3.3, utilizing Pockels effect (Figure 2.6e, Eqs 

2.58e and 2.59e) which has the identical nonlinear coefficient with optical 

rectification (Eqs 2.59d and 2.59e) in ZnTe (EO crystal), free space Electro-Optic 

sampling measure an amplitude and the phase of time-resolved THz field at the 

same time. 

  

 

Fig. 3.15. Typical setup of EO sampling 

 

When a linearly polarized optical probe pulse that underwent THz field induced-

birefringence inside ZnTe prism propagates through a quarter wave plate (QWP), 

it evolves into elliptical polarization (Figure 3.15b), whereas the incident optical 

pulse that passes along in the EO crystal conquered under the non-influence of 

THz field is polarized nearly circular after the QWP (Figure 3.15a). Thus, two 

orthogonal intensity components (    and   ) of the optical pulse spilt by 
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Wollaston prism depends on the state of its polarization (circular or elliptical one), 

which are measured via a balanced photo-detector in the following manners.      

 

                         
   

 

 
  

   
 

 
  

                                                        

                        
   

  
 

      

   
  
 

      

                                           

 

where    is intensity of the incident optical probe beam and    is the 

differential phase retardation that the probe pulse experience via THz field 

induced-birefringence 

 

          
  

 
  

  

 
  

                                         

 

where    is the index of refraction at   and L is propagation length in EO 

crystal. Therefore, from Eqs 3.44 and 3.45, we can determine the amplitude of 

THz signal which is proportional to intensity deference   . 

 

   
      

    

 
                                                      

 

By using time resolved pump probe mechanism, the single THz waveform can be 

constructed fully in time domain  
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3.2.3 New detection method 

This dissertation introduces a new method named as fast-fast scan (FFS) in 

our lab to detect THz transmission as function of pump/probe (or pump/pump) 

time delay in real time. In general, we should measure power spectrum via a 

liquid-He cooled Si:Bolometer in order to observe where an optical pump (or THz 

pump) pulse energy has the strongest effect on our samples or investigate how the 

samples response to its influences optically in relative time domain between probe 

and pump beams before performing THz-time domain spectroscopy (THz-TDS) 

based on time-resolved pump-probe technique. That’s why there is incommodity 

such as switching THz detection setups from a liquid-He cooled Si:Bolometer 

used for THz-power dependence measurements to EO sampling required for THz–

TDS during actual experiments, spending relatively much more expensive liquid-

Helium consumed to keep highly sensitive detection of the Si:Bolometer than 

nitrogen gas demanded to purge humidity which absorb severely THz radiation in 

air.  

 

 
Fig. 3.16. Schematic diagram of an experimental setup for FFC 
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However, FFS operates effectively in pump-probe spectroscopy, 

compensating the defect: That is, FFS is able to detect a real time THz-

transmission in Optical pump/THz probe spectroscopy (OPTPS) or THz-

pump/Optical probe spectroscopy (TPOPS), moving simultaneously both of two 

transitional stages to change the path length of optical probe of EO sampling and 

make delay relative time between optical-pump and THz-probe (or THz-pump and 

optical probe) pulses (Figure 3.16). In brief, measuring the maximum peaks of 

actual TDS waveforms in real time, FFS provides results which are consistent 

with power dependence measurements via Si:Bolometer. 
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4. Terahertz Induced-Transparency in Single-Layer Graphene 

 

4.1 Introduction 

Graphene which has zero-gab at the Dirac points is an emerging matter for 

next generation electric devices such as ultrafast graphene photodetectors and 

transistors (100-GHz) [57–60]. In particular, graphene attracts more our attentions 

in application fields of active photonic devices due to its strong nonlinear 

responses in the spectral range, the terahertz band (between 0.1 and 30 THz) [57-

59, 61]. In other words, without understanding about its linear or nonlinear 

behaviors in this THz gab, it is impossible to develop graphene devices of which 

operating frequency exceeds 100 GHz. In general, graphene has linear reactions to 

a weak optical field over a broad spectral region from visible to THz [62-64], 

exhibiting that the conductivity of this material depends upon THz frequencies as 

a Drude-like frequency dependence [64-67]. Unfortunately, there are still a few 

studies on the strong THz-field response of graphene: It has been unclear what the 

fundamental mechanism to describe THz-induced transparency observed in 

graphene is, whereas this phenomenon is attributed to inter-valley scattering in 

doped semiconductors [68, 69] 

We observed strong nonlinearity based on THz transmission through a 

single-layer graphene. Over 50kv/cm, the peak THz field strength, it begins 

gradually to become transparent with respect to THz radiation. Particularly, the 

time-average sheet conductivity corresponding to the enhanced transparency of 

the graphene is decreased twice as the peak strength arrives at 800kv/cm. Via 

THz-TDS, we demonstrate that the free standing graphene is the best optimized 
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structure to make THz-induced transparency maximize, comparing the nonlinear 

transparency phenomena shown in different type of sample  

 

4.2 Experiments 

We examined two different types of chemical vapor deposition (CVD)-

grown single-layer graphene samples: one sample is homogeneous graphene sheet 

covered with uncharged polymethylmethacrylate (PMMA) film without any 

substrate (free standing PMMA/graphene film, 180nm PMMA layer) [70], while 

the other sample is inhomogeneous graphene sheet covered with PMMA film on 

silicon (Si) substrate (PMMA/graphene-on-Si, 100nm PMMA layer) [71].  

 

Fig. 4.1. Schematic diagram of an experimental setup for (a) EO sampling and (b) Si-

Bolometer 
 

Via electro optic sampling (the thickness of ZnTe crystal ~ 150  ) based 

on time resolved pump probe technique (or THz–TDS, Figure 4.1a) that 

determines THz waveform, we measured THz radiation transmitted through the 
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two samples under various influences of THz fields (              

         ) which are broadband single cycle THz pulses (central frequency 

and bandwidth ~ 1 THz) induced by optical rectification of femtosecond optical 

pulses (wavelength ~ 800 nm, pulse energy ~ 1 mJ, pulse duration ~ 100 fs) in a 

MgO-doped LiNbO3 crystal (the section 3.1.2) [53,54,72]. And the integrated 

THz power was measured by a liquid He cooled Si:Bolometer (Figure 4.1b). 

 

4.3 Local Carrier Dynamics in Single Layer Graphene 

 

 

Fig. 4.2. Raster images represent sheet conductivities of inhomogeneous and 

homogeneous graphene samples at the weak strength of THz fields (            ): (a) 

PMMA/graphene-on-Si and (b) free-standing PMMA/graphene samples (reprinted from 

[73]). 

 

Raster images shown in Figure 3.18 represent sheet conductivities 
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determined by THz transmissions through PMMA/inhomogeneous graphene-on-

Si and free-standing PMMA/uniform graphene samples considering as thin film 

under weak peak strength of THz fields (            ). 

Recalling the coefficient of thin film transmission (Eq 2.100) for these 

graphnene samples on a substrate of which index of refraction is   ,   is   

 

   
   

            
                                                   

 

where      indicates the refractive index of substrate of PMMA/graphene-on-Si 

and free-standing PMMA/ graphene samples which are     (~3.42) [11] and      

(~1) at room temperature.    and    are the vacuum impedance (~376.7 ) and 

the sheet conductivity of grapnene.  

In Fig. 4.2 (a), dark blue indicates silicon-air and the graphene-on-Si is 

represented as red, cyan and yellow in the rectangular area, whereas orange and 

yellow colors in the circular areas of which diameter are around 2mm in Figure 

4.2 (b) show the free standing suspended graphene. In graphene based on the 

previous measurement [65, 67], we observed that the optical absorption is around 

2.3% (      is the constant of fine structure). However, the THz absorption in 

the free standing sample is 40% which is about two times larger than one in the 

graphene-on-Si sample (20%). As shown in figure 4.2 (a), inhomogeneous 

graphene-on-Si sample has inconsistent sheet conductivity from     to 

           . On the contrary,    of the free standing graphene sample shown 

in figure 4.2 (b) is almost uniform (            ) notwithstanding defects 

distributed non-uniformly over this sample. In the Raman spectrum, the carrier 

density evaluated at the G-peak (wave number ~ 1591    ) is around     
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         [74].   

 

4.4 Terahertz Induced Transparency 

The high peak strength of THz field induced by OR in LiNO3 (       

1MV/cm) stimulates strong nonlinear transmissions through the graphene samples.  

 

 
Fig. 4.3. (a) Relative and (b) normalized differential transmissions via the suspended 

graphene sample: the blue and red solid lines indicate T through the top and bottom holes 

shown in figure 4.2 (b). 
 

In figure 4.3 (a) and (b), each blue and red solid lines represent the relative 

(T) and differential transmissions (                , where    is the 

spatially averaged transmission at the lowest THz field,             ) 

through the top and bottom holes (its diameters are around 2mm) of the suspended 

homogeneous graphene sample holder as function of various THz electric fields 

(                ). In low THz field (     50kv/cm), there are no big 

changes on T and       measured via two holes of the suspended uniform 

graphene sample. However, above 50kv/cm (it can be considered as the threshold 

of THz field-induced transparency), transmissions through two holes of the free 
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standing graphene sample begin to be increased abruptly: The spatially averaged T 

through the bottom hole is a little larger than that through the top one within the 

influence of THz fields (Figure 4.3 (a)), whereas       for both holes can be 

regarded as almost identical although they are slightly off over 300kv/cm (Figure 

4.3 (b)).  

 
Fig. 4.4. Images determined by differential transmissions (      ) through (a) 

PMMA/inhomogeneous graphene-on-Si and (b) suspended PMMA/uniform graphene at 

around                    kV/cm. (c) and (d): Time-averaged differential sheet 

conductivity (      ) estimated at spots #1-3 and #4-6 on each samples.    
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We can obtain better understanding about THz nonlinearity from 

comparison between the local sheet conductivity and THz transparency induced in 

the homogeneous samples. Figures 4.4 (a) and (b) show the images based on 

differential transmissions (      ) determined through PMMA/inhomogeneous 

graphene-on-Si and free standing PMMA/homogeneous graphene samples. THz 

Transmission through two samples are enhanced as the incident strength of THz 

electric field increase from 30 kV/cm to 800 kV/cm (~10% in Fig. 4.4 (a) and ~30% 

in Fig. 4.4 (b)). The image of THz-induced transparency in the inhomogeneous 

graphene-on-Si sample (Fig. 4.4 (a)-iii) is very-well described via time-averaged 

differential sheet conductivity (      ) (Fig.4.4 (c)), showing enhanced THz 

nonlinear transmission which depends on graphene growth coverage: THz-

induced effect evaluated at spot #1 (fully covered) is larger than ones at other 

spots #2 (almost covered) and #3 (partially covered).  

On the other hand, the nonlinear THz transmissions and differential sheet 

conductivities determined at spots (#4, 5 and 6) on the free standing graphene 

sample are almost consistent, which mean that the suspended sample is 

completely covered with uniform graphene (Figs. 4.4 (b)-iii and 4.4 (d)). In short, 

THz transmission of PMMA/graphene sample (                     kV/cm) 

shows much stronger nonlinearity than one of PMMA/graphene-on-Si sample 

(                     kV/cm). Thus, we arrive at the conclusion that, 

instead of the graphene mounted on a dielectric material, the free standing 

graphene is much more appropriate for a device to manage THz signals effectively. 

Let’s discuss obvious difference between two graphene samples in more 

details. Transmission coefficient       and sheet conductivity (    are affected 
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by the index of refraction of the substrate as shown in Eq. 3.47. In particular, 

transmission via the PMMA/uniform graphene sample responds sensitively to    

than T through the PMMA/inhomogeneous graphene-on-Si. This effect is amply 

demonstrated by the normalized sheet conductivity,       , determined in Eq. 

3.47 on the base of the differential transmission data. Figures 4.4 (c) and 4.4 (d) 

indicate how various THz influences have effect on        estimated at different 

six spots on each sample (#1–6 in Figs. 4.4 (a-iii) and 4.4 (b-iii)). Regardless of 

locations (spots #2-6) in the graphene on silicon and free standing suspended 

samples, the normalized nonlinear conductivities are consistently near 50% 

although it calculated at spot #1 is less than others, but reaches 35%. That is, these 

changes in sheet conductivity represent apparently the nonlinear THz dynamics of 

carriers (electrons) which depend on strong THz fields in graphene sample. This 

phenomenon (due to intense external THz fields, electrons moved to high 

momentum states from stable state level in graphene samples) can be explained in 

accordance with two competing processes. Firstly, in momentum space, electron-

electron scattering makes its occupied states redistribute. In consequence of the 

states redistributed by electron-electron scattering in the graphene samples, 

phonons and defects can obtain chances to be scattered in more opened phase 

space, which means that the conductivity arose from reduced scattering time 

becomes lower. Secondly, due to strong interaction between intense THz fields 

and carriers in the graphene samples, the carrier density is increased through 

band-band transition. Thus, this effect makes the conductivity rise. In the high 

THz field domain, the conductivity is nonlinearly saturated under carrier density 

increase, while increase of the scattering time substantially affects    in the low 

THz field one. 
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4.5 Transient Distributions of Non-Equilibrium Electron  

 The single layer homogeneous graphene covered with thin PMMA film 

behaves as Drude metal below 50kV/cm, showing nearly constant transmission as 

shown in Figure 4.3, however, as incident THz field strength is increased over 

50kV/cm, its transmission begins to be remarkably enhanced. Figure 4.5 (a) 

indicates the TDS waveforms transmitted through the free standing uniform 

graphene sample at three different applied THz field strengths (where the blue, 

green, red and gray solid lines indicate the waveforms transmitted at      

             kV/cm and in air for reference). In particular, under the highest 

     (~      kV/cm), the peak corresponding at 2.4ps of TDS signal 

transmitted via the graphene sample is almost identical to one of the incident THz 

intensity. In other words, these results demonstrate that the stronger THz fields is, 

the more transparent the single layer graphene becomes.  

We calculated transient sheet conductivities at the three peaks (1.5, 2 and 

2.4ps) of the TDS signals. Figure 4.5 (b) exhibits that    evolved temporally by 

three different THz strengths decrease as the relative time delay increases. At 

highest      (~      kV/cm), the sheet conductivity evaluated at 2.4ps goes 

down to              (           ). Figure 4.5 (c) shows transmission 

spectra converted by Fourier transform. The spectra become broad with slight blue 

shift due to dynamic nonlinearity of THz transmission when THz field strength 

increase. Interesting thing in these transmission spectra is that the medium THz 

field strength (        kV/cm) makes the pulse shape change larger relatively 

than that at the highest THz field (         kV/cm), because THz-induced 

transparency is saturated rapidly at the strongest THz fields. 
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Fig. 4.5. (a) THz waveforms passed via the free standing graphene sample. The blue, 

green, red and thin gray solid lines show the transmissions at three different THz 

intensities (                     kV/cm) and in air (without the sample) for 

reference. (b) The sheet conductivity at the different positions (1.5, 2.0 and 2.4 ps) and (c) 

Spectra of THz normalized transmission of the suspended graphene sample.    

 

 

4.6 Conclusion  

Intense THz fields make the single layer graphene transparent reducing the 

sheet conductivity. Particularly, the suspended homogeneous graphene/PMMA 

thin film sample becomes more transparent than the PMMA/inhomogeneous 

graphene-on-Si sample as THz field strengths is increased. That is, we 

demonstrate that the free standing graphene sample is more appropriate for THz 

device to control THz signal effectively than graphene mounted on a dielectric 

material. On the other hand, the normalized nonlinear conductivity determined on 

the basis of transmissions through the two different graphene samples are 
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consistatly reduced to around 50% regardless of substrate matter and spatial 

inhomogeneity. The THz-induced transparency rises in every part of the pulse 

duration.  
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5. Anisotropic High-Field Terahertz Response of Free-Standing 

Carbon Nanotubes 

 

5.1 Introduction 

Electron dynamics in carbon nanotubes (CNTs) typically fall in the 

terahertz (THz) frequency region [75-78]. The high responsivity of CNTs to THz 

electromagnetic waves creates great potential for a wide range of applications, 

including ultrafast nanoelectronics [79-81], THz sources [82,83] and detectors 

[84-86], and THz optical elements [87,88]. CNT based THz polarizers, in 

particular, exploit the highly anisotropic THz response of quasi-onedimensional 

CNTs [45,89,90]. These applications are based on linear THz response of CNTs 

involving low-field electron dynamics. High-field electron dynamics become 

important when CNT devices shrink to nanometer dimensions, where operating 

frequencies are in the THz range and internal electric fields exceed 100 kV/m. It is, 

however, rarely studied how electrons in CNTs behave in the presence of strong 

THz fields. The only experimental study reported so far is that strong THz fields 

generate excitons in semiconductor single-walled CNTs (SWCNTs) [91]. 

In this paper, we present an experimental study to investigate high-field 

THz response of free-standing multiwalled CNTs (MCWNTs). We demonstrate 

that unidirectionally aligned free-standing MWCNTs form a quasione-

dimensional metallic structure and exhibit highly anisotropic linear and nonlinear 

THz responses. In particular, strong THz pulses induce nonlinear absorption in 

MWCNTs. This is unusual because strong THz pulses generally induce 

transparency in a conducting medium [73,92]. The THz induced absorption 

indicates that intense THz fields enhance the permittivity of the MWCNTs. 
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5.2 Experiments  

We performed a nonlinear THz transmission spectroscopy of free-standing 

MWCNTs. A forest of MWCNTs (diameter, 10 nm; averaging 9 walls per tube) 

was synthesized by catalytic chemical vapor deposition (CVD) and MWCNT 

sheets were drawn from the forest [93, 94].  

We fabricated the samples by depositing the MWCNT sheets multiple times on a 

U-shaped polyethylene (PE) reel (thickness, 125  ) (Figure. 5.1) [45].  

 
FIG.5.1 (a) Schematic diagram for the fabrication of a freestanding MWCNT sheet 

wound on U-shaped polyethylene support and (b)   = 10 photograph. 

 

Areal density of the MWCNT sheets (thickness, 50 nm) is proportional to the 

deposition number    on the PE reel. We tested four free-standing MWCNT 

samples of    = 2, 5, 10 and 20. We generate strong THz pulses (central 

frequency, 0.9 THz; bandwidth, 1 THz; THz field amplitude, 1 MV/cm) via 

optical rectification of femtosecond laser pulses (pulse energy, 1 mJ; pulse 

duration, 100 fs; repetition rate, 1 kHz) with titled pulse front for phase matching 

between optical and THz pulses in LiNbO3 [72,73,92]. THz pulses are focused 

onto a sample with parabolic mirrors (beam diameter, 370   at focus). We 

detect THz pulses using a liquid-He cooled Si:Bolometer and electrooptic (EO) 

sampling with a 1-mm ZnTe crystal.  
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5.3 Anisotropic character of MWCNT 

THz response of MWCNT is highly anisotropic due to thequasi-1D 

structure; THz polarization parallel to the MWCNT axis elicits a significantly 

stronger response compared to the perpendicular case.  

 
FIG.5.2 THz transmission for THz polarization perpendicular to MWCNT axis measured 

by a Si:Bolometer. (a) SEM image of the    = 20 CNT sample (b) Raster scanning THz 

transmission image of the   = 10 MWCNT sample. The spatially averaged transmission 

is 0.79. (c) Transmission vs. THz field strength for   =2, 5, 10, and 20. The black lines 

indicate linear fits. The inset shows transmission vs. deposit number   . The red line is 

an exponential fit, producing the perpendicular absorption coefficient,    = 0.024 per 

layer. 

 

We first present THz transmission for the THz polarization perpendicular to 
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the MWCNT axis measured by the Si:Bolometer (Figure. 5.2). The raster 

scanning image of THz transmission of the   =10 sample in figure 5.2 (b) is 

spatially homogeneous, indicating that MWCNTs are uniformly distributed over 

the large area of the sample. Figure.5.2 (c) shows the THz transmission of the 

MWCNT samples (  =2, 5, 10, and 20) as a function of the peak-field amplitude 

of incident THz pulses. The transmission is flat in the wide range of THz field 

strength and no sample exhibits nonlinear THz responses. Nonlinear THz 

response is negligible for the perpendicular polarization configuration because the 

electron motion is confined to the small dimensions in the radial direction (< 10 

nm). The inset in Figure.5.2 (c) shows THz transmission versus deposition number 

  . The data fits well with an exponential decay, suggesting that the deposition 

number is proportional to the MWCNT areal density. The fit gives rise to the 

perpendicular absorption coefficient,   = 0.024 per deposition.  

When the THz polarization is aligned parallel to the MWCNT axis, THz 

response of the MWCNT samples is significantly stronger than that of the 

perpendicular configuration (The parallel absorption coefficient    is 0.47 per 

deposition. Transmission through the    = 20 sample is too low to acquire 

meaningful data). The spatially uniform transmission of the   = 5 sample shown 

in Figure 5. 3 (a) is    = 0.088, which is significantly lower than    = 0.89 of 

the perpendicular configuration. More importantly, the THz transmission of the 

parallel configuration exhibits strong nonlinear effects. Figure 5. 3 (b) shows that 

the transmission decreases as THz field strength increases, demonstrating that 

intense THz fields induce nonlinear absorption in the MWCNT samples. The 

nonlinear effects are strong: the transmission change exceeds 10% for    = 2 

and 20% for   = 10. Figure 5. 3 (c) shows that normalized differential 
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transmission (     ) exhibits a larger change for higher nanotube density. 

 

 
FIG.5.3. THz transmission for THz polarization parallel to MWCNT axis measured by a 

Si:Bolometer. (a) Raster scanning image of THz transmission of the   = 5 CNT sample. 

The spatially averaged transmission is 0.088. (b) Transmission and (c) Normalized 

differential transmission vs. THz field strength for   =2, 5, and 10. 

 

5.4 THz-induced absorption and phase shift  

For a better understanding of the THz induced nonlinear effects, we carry 

out THz time-domain spectroscopy of the MCWNT samples for the parallel 

polarization configuration. 

Figure 5. 4 shows the waveforms and amplitude spectra of THz pulses transmitted 

through the samples at three different THz peak field strengths,     = 0.2, 0.5, 

and 1.2 MV/cm.  
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FIG.5.4 Waveforms of THz pulses transmitted through (a)     , (a)     , and (c) 

     samples for three THz peak field strengths,      0.2, 0.5, and 1.2 MV/cm. 

The gray lines present the incident waveforms normalized to the transmitted waveform of 

the lowest field strength at      0.2 MV/cm. Corresponding amplitude spectra are 

shown in (d)      (e)     , and (f)      

 

Transmitted THz waveforms exhibit not only amplitude reduction but also a phase 

shift as the deposition number and the THz field strength increase (Figures 5. 4 (a), 

(b), and (c)): Each amplitude of waveforms underwent through the samples has 

been multiplied by factor F (                                      

        in order to observe obviously how THz field-induced absorptions and 

phases are changed from the air reference at low, medium and high peak strength 
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of THz Field (                                      and     

                    ). The amplitude spectra in figures 5. 4 (d), (e) and (f) 

show that the THz transmission gradually decreases as the frequency increases. 

      sample has remarkably the largest changing in absorption and phase 

shift as incident THz field is enhanced. 

 

5.5 Extracting Complex refractive index of MWCNT 

     We will obtain the complex refractive index of the MWNT samples 

analyzing the amplitude and phase spectra of the transmitted THz pulses, utilizing 

The Fresnel transmission coefficient. From these numbers (real and imaginary 

numbers), we are able to investigate how these samples behave under various THz 

fields regime. To demonstrate nonlinear THz responses of MWCNT samples, we 

should determine a correct transmission coefficient formula to describe well the 

right structure of the free standing MWCNT sheet sample. Here are Fresnel 

transmission coefficients corresponding two cases for it in air (See figure 2.11 in 

the section 2.4): (1) single layer structure (where its thickness is d ~ 50 nm) with 

small angle approximation applied to the suspended homogeneous graphene 

sample mentioned in the section (recall Eqs. 2.97 and 2. 101) and (2) just single 

layer frame without any approximations and assumptions (refer Eq. 2.95).  

 

                                  
   

              
                                         

                                     
   

                        
                   

 

where                    is the frequency-dependent complex refractive 
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index of MWCNTs (   and    are real and imaginary numbers) and    
    

 
. 

We determine       and       using an optimization protocol [95]. For 

the complex transmission coefficient written as           . We define the 

deviation of the theory  

 

                                                               

where 

                                                              

and 

                                                            

 

from the experiment as an elliptic paraboloid for the complex transmission 

coefficient written as  

                  
                                                       

where  

                        
                

                       

and  

                
            

            
                                     

 

By applying Taylor approximation and Hessian matrix, we can solve the elliptic 

paraboloid equation           0. That is, this deviation function is expressed 

by the general paraboloid equation as 
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where   is Hessian matrix, the tensor which is the 2
nd

 order derivatives of      

in terms of real    and imaginary    numbers, 

 

  

 

 
 

      

   
 

      

      

      

      

      

   
 

 

 
 

                                               

 

b and c are constant parameters and   indicates the position defined in the real 

and imaginary plane        . At this point, to find the solution of the deviation 

equation, we need to assume the minimum vector (or position) as  

 

          
     

                                                  

 

From Eqs 5.6 and 5.7, we are able to obtain the relationship between the constant 

parameters and the initial vectors. 

 

                                                                 

  

If we make the gradient of the function      with Eq 5.8, 

 

                                                                

 

the solution estimated approximately in the paraboloid equation can be written as  
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     Figure 5.5 represents the algorithm to evauate the minimum valuse, the 

solution, of the deviation equation (Eq. 5.10) in Matlab. 

 

FIG.5.5 Algorithm to determine the solution the deviation function,       . 

 

Figure 5.6 graphed by Matlab is the example to describe how to solve the 

deviation equation,           0. In other words, it shows that there are no 

points of contact between the deviation function based on the complex 

transmission coefficient calculated by considering the MWCNT sample as thin 

film and the plane of zero around the initial point (  
    

   = (13, 5) at   

         :                 . In this case, to effectively find solutions for 

          0, we should choose a right Fresnel complex transmission coefficient 

and the initial point (This initial vector is not the solution of the equation. Matlab 

processes until it finds the approximate minimum value of the deviation function 

around this initial point) in Matlab. 
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FIG.5.6 Schematic diagram to describe how to find the solution from the deviation 

equation 

 

We extract complex numbers from the Fresnell coefficients determined by 

both of small angle approximation (Eq.5.1) and without any assumption (Eq. 5.2) 

around different initial points, utilizing Taylor approximation and Hessian matrix 

mentioned above. Figure 5.7 and 5.8 show that 3D and 2D contour plots of the 

deviation functions (          0) in the plane (-600<  <600, -600<  <600) and 

the real (Figs 5.8 (a), (b) and (c)-i) and imaginary (Figs 5.8 (a), (b) and (c)-ii) parts 

of the refractive index of the formal transmission coefficient of the free standing 

MWCNT samples (    2, 5 and 10) estimated around the different initial points, 

(  
    

                                   which make the solutions be 

positive, while figures 5.9 and 5.10 exhibit that 3D and 2D contour plots of the 

equation in the plane (0<  <300, 0<  <300) and the real (Figs 5.10 (a), (b) and 

(c)-i) and imaginary (Figs 5.10 (a), (b) and (c)-ii) numbers of the refractive index 

of the latter transmission coefficient of the MWCNT samples determined around 

the different initial points ((  
    

                                ) which 

make the solution be positive.  
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FIG.5.7. In    and    (-600<  <600, -600<  <600) planes, 3D and 2D Contour plots 

of the deviation functions of     (a) 2, (b) 5, and (c) 10. There are four minimum 

points (       ), the solutions of the equation,            . 
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                with the small phase approximation (     . 

 
FIG.5.8 At three different THz field strengths, real ((a), (b) and (c)-i) and imaginary 

numbers ((a), (b) and (c)-ii) extracted from transmission coefficients of     , 5 and 

10 samples with small angle approximation. Each initial point (         of     , 5 

and 10 samples in Matlab are (a) (130, 30), (b) (30,180), and (c) (110,250)  
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FIG.5.9. In    and    (0<  <300, 0<  <300) planes, 3D and 2D Contour plots of the 

deviation functions of     (a) 2, (b) 5, and (c) 10. There are two minimum points 

(       ), the solutions of the equation,            . 
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                without the small phase approximation. 

 
FIG.5.10 At three different THz field strengths, real ((a), (b) and (c)-i) and imaginary 

numbers ((a), (b) and (c)-ii) extracted from transmission coefficients of     , 5 and 

10 samples without any approximations. The initial points (         of     , 5 

and 10 samples in Matlab are (a) (25, 68), (b) (96,71), and (c) (129,135) 
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As a result, we concluded that the latter Fresnell transmission coefficient 

without the small phase approximation describes more appropriately the real 

structure of the free standing MWCNTs wound on PE reel than the formal one 

with     : As THz field strength increase, it is inconsistent with the phase and 

amplitude modulation on TDS waveforms that the phase and absorption vs intense 

THz field strengths graphs obtained under the assumption which is that the sample 

might have the same frame such as the thin film applied into the suspended single 

layer gaphene mentioned in the section 4.3. Eventually, we can identify THz 

properties of these samples via these numbers.  

 

5.6 Dielectric constant and conductivity 

On the basis of the real and imaginary parts of the refractive indices as 

shown in Fig. 5.10, we determined the complex relative permittivity,       

      . Figure 5.11 shows the spectra of the real and imaginary parts of the 

relative permittivity of    = 2, 5, and 10 samples for three THz peak field 

strengths,      ≈ 0.2 (blue), 0.5 (green), and 1.2 (red) MV/cm. We fit the results 

to the permittivity of a conducting medium based on Drude model: 

 

         
   

  
  

  

   
                                                

 

where    is the contribution from bound electrons,   is the scattering time 

( ≪   ), and    is the DC conductivity of MWCNTs. The fitting parameters 

are the real part of the relative permittivity Re{  }, the imaginary part of the 

bound electron contribution, Im{  }, and the DC conductivity   . 
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FIG.5.11 Relative permittivity of MWCNTs: Experimental data (solid squares) and Drude 

fitting curves (gray lines) of relative permittivity spectra of (a) Nw = 2, (c) Nw = 5, and (c) 

Nw = 10 samples for three THz peak field strengths, ETHz _0.2, 0.5, and 1.2 MV/cm. 
 

The fitting curves (solid gray lines in Fig. 5.11) agree well with the 

experimental results. The real part of permittivity is spectrally flat and negative, 

while the imaginary part shows a pattern inversely proportional to  , 

corresponding to free-carrier contribution. The large background of the imaginary 

permittivity suggests that the response of electrons in a shallow trap states is 

substantial. The permittivities of the MWCNT samples are enhanced to a large 
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extent by the strong THz pulses, showing that the intense fields activate strongly 

nonlinear electron dynamics.  

 

 
FIG.5.12 Dielectric constant and conductivity: (a) Real part of dielectric constant Re{  }, 

(b) Imaginary part of   , the contribution from bound electrons, and (c) DC conductivity 

   for   =  = 2, 5, and 10. 

 

Figure 5.12 shows the fitting parameters as a function of THz field strength. 

The fitting results indicate that the field enhancement of permittivity involves 

intricate processes. The field induced changes in the parameters depend on the 

MWCNT density. This means that the high field electron dynamics is affected by 

inter-tube Coulomb interactions, especially, in the high density MWCNT samples 

of   = 5 and 10. The magnitudes of Re{  } and Im{  } show the general 

tendency, increasing as the field strength goes up (Figs. 5 .12 (a) and (b)). The 

field dependent conductivity shown in Fig. 5.12 (c) exhibits different features for 

the different samples. A field induced change in conductivity is caused by two 
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competing processes. In general, intense THz fields reduce conductivity of 

metallic media by increasing electron temperature and consequently lowering the 

scattering time [73, 92]. On the other hand, conductivity goes up if intense THz 

fields increase carrier density by generating carriers (probable mechanisms are 

carrier multiplication by impact ionization [96-98] and field-induced interband 

tunneling [72,78,91]. The conductivity of the low density MWCNT sample (  = 

2) increases as the field strength increases, where the effect of the carrier 

generation dominates that of the scattering time reduction. In the high density 

MWCNT samples of   = 5 and 10, the reduction of the conductivity at the high 

field strength suggests that the scattering rate becomes much higher than the 

carrier generation rate. 

 

5.7 Conclusion 

Strong THz pulses give rise to highly anisotropic linear and nonlinear 

responses in freestanding MWCNTs. In particular, intense THz fields induce large 

nonlinear absorption for the polarization parallel to the MWCNT axis, while no 

nonlinear response is observed in the perpendicular case. A theoretical analysis 

based on the Drude model suggests that strong THz fields enhance the permittivity 

of the MWCNTs. 
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6. High-field THz Spectroscopy of Optical Carriers in MECNTs 

 

6.1 Introduction 

 A broad range of application has been created by the exceptional 

properties of CNTs in the THz band. In particular, a strong anisotropic THz (or 

optical) response of quasi-one dimensional CNTs had been studied [45,76,89, 90, 

99-106]. However, it has been rarely presented that experimental studies to 

identify interband transitions and intraband dynamics in MWCNTs via Optical 

pump/Intense THz pump (OPITP) spectroscopy, whereas it was demonstrated that 

an optical characteristics of single walled carbon nanotube (SWCNTs) via OPTP 

[107-111] and THz pump/optical probe (TPOP) [91] spectroscopies. In this work, 

we study THz responses of MWCNTs via OPTP and OPITP spectriscopies. They 

are very powerful tools to investigate THz nonlinear responses of MWCNTs under 

different experimental conditions. For example, the optical pump energy induces 

nonlinear absorption at a weak THz field peak strength, whereas strong THz fields 

lead the nonlinear absorption and transparency at a fixed high optical pump pulse 

within MWCNTs as it increases.  

 

6.2 Experiment 

 A forest of MWCNTs (~10nm diameter, averaging 9 walls per tube) was 

synthesized by catalytic chemical vapor deposition [93, 94]. We demonstrated an 

anisotropic MWNTs sheets (~50nm thickness) on U-shaped PE reel. The THz 

pulses (central frequency, 0.8THz; bandwidth, 0.95THz, field > 0.85 MVcm
-1

) 

were generated by optical rectification of femtosecond laser pulses (pulse energy, 

1 mJ; pulse duration, 100 fs; repetition rate, 1 kHz) with titled pulse front for 
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phase matching between optical and THz pulse in LiNbO3. To investigate THz 

power transmission spectroscopy and Optical-pump/THz-probe (OPTP) and 

Optical-pump/Intense THz-pump spectroscopy (OPITP) of the free-standing 

MWCNT sheets, a liquid-He cooled Si:Bolometer and electro-optic (EO) 

sampling with a 100- m ZnTe crystal were utilized to detect integrated total THz 

transmitted power and the actual electric field of THz pulses in the time-domain. 

From two measurements, we verified the consistency between the total power and 

the electric fields of transmitted THz in order to determine the phase and 

amplitude with high precision.  

In this study, we introduce a new method to detect THz transmission as function 

of pump/probe (or pump/pump) time delay in real time without analyzing power 

spectrum obtained by a liquid-He cooled Si:Bolometer. That is, in only TDS-

OPTP (or OPITP) setup, it is able to detect a real time THz-transmission, moving 

simultaneously two transitional stages to change the path lengths of optical pump 

lines for THz detection,  EO sampling, and for relative time delay between THz-

probe (or THz-pump) and optical-pump pulses. It also makes save time and cost 

for THz power dependent measurement via a liquid-He cooled Si:Bolometer. 

 

6.3 Nonlinear THz transmission  

We present THz transmission of the parallel configuration utilizing OPTP 

and OPITP spectroscopies. Firstly, we performed the transmission spectroscopy 

via OPTP. Fig. 6.1 (a) indicates relative THz intensities measured at insufficient 

THz peak field strength (      17kv/cm) as the optical pump energy is 

increased (5uJ/cm2     
    

  103uJ/cm2), while Fig 6.1 (b) shows transient 

differential transmission at four different delay times between THz probe and 
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optical pump pulses, Td ~ 2.0 (The black solid line), 0.5 (The red one), 0 (The 

blue one) and -0.5ps (The green one). Negative time delay means that THz pulse 

arrives on the sample earlier than optical pump, while positive one indicates 

optical pump pulse after THz one. The normalized differential THz transmission is 

defined as                   In particular, at 0.5ps, delay time, THz 

induced absorption is much bigger (      ~ -25%) than other cases as optical 

pump energy is enhanced. 

 

FIG.6.1. THz intensity transmitted through MWNTs sample with optical pump fluence 

and a weak THz peak strength,       17kv/cm, at four different time delays,     -2.0 

(the black), -0.5 (the red), 0 (the blue), 0.5ps (the green): (a) relative transmitted THz 

intensity and (b) Differential transmission.  

 

Secondly, we carried out transmission spectroscopy via OPITP. As shown in 

figure 6.2, each points of the color lines shows real-time maximum peak of the 

amplitude of transmitted TDS waveform at fixed optical pump pulse,     
    

    

103      , with various THz field peak strengths,       272, 386, 538, 668, 

and 834kv/cm. This method made us cast new attention to THz pump domain 

between 538 to 668kv/cm, showing nonlinear effect unlike the former 

phenomenon represented via THz OPTP spectroscopy. To investigate the issue in 

more detail, we measured the THz transmission of the MWCNTs sample at nine 

different THz peak fields strength,       226, 318, 450, 538, 575, 626, 653, 765 
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and 849kv/cm, with the high optical pump energy, 103uJ/cm2, at 0.3ps where 

nonlinear response with MWCNTs sample is the strongest. 

 

 
FIG.6.2. The maximum peaks of normalized TDS waveforms obtained by the new 

method with 272kv/cm <      < 850kv/cm at        103 uJ/cm
2
 

 

In Figure 6.3, the black and red solid lines indicate the THz powers 

transmitted through the MWNTs sample without and with optical pump.  

 

FIG.6.3. The black line shows the transmitted THz intensity without optical pump 

measured by Si:Bolometer, and the red line indicates it with optical pump, 103uJ/cm
2
, 

obtained by the IPTP TDS setup: (a) The transmitted THz power dependence 

measurement, and (b) the transient differential transmission via the CNT sample.  

 

Figs. 6.3 (a) and (b) (The black solid lines) show that THz fields-induced 
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absorption,        -8%, is the major phenomenon represented in MWNTs 

sample without the optical pump beam as THz field strength is increased. 

However, due to the optical pump influence, the THz transmissions 

corresponding to the THz field strengths experience much bigger changes, 

exhibiting the optical induced absorption generally (Fig. 6.3 (a)) and not only THz 

field-induced absorption,        -19% and -15% (       538kv/cm and 

      653kv/cm), but also THz field-induced transparent,        17%, (Fig. 

6.3 (b)) as the strength of THz field is enhanced, (538kv/cm        653kv/cm) 

 

6.4 Transmitted Waveforms and Optical Constants  

 In order to investigate nonlinear effects in detail via OPTP & OPITP, we 

performed THz time-domain spectroscopy which determines the amplitude and 

the phase of THz radiation. 

Firstly, we carried out TDS-OPTP spectroscopy for the MWNTs sample for 

the parallel polarization configuration. Figure1 shows the waveforms and 

amplitudes spectra of transmitted THz pulses at five different optical-pump 

intensities,     
    

   5, 26, 52, 77 and 103      , with a weak THz-probe peak 

strength,     
     

 17kv/cm, that experimentally have no effects on the sample. 

The waveforms are measured at the time delay, 0.5ps where maximum THz 

response is observed (Fig 6.1). At Td = 0.5ps, optical-induced absorption is 

apparently observed than at others (Figs.6.1 and 6.4 (b)), while there is no phase 

shifts caused by optical pump within the sample.   
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FIG.6.4. (a): THz wave forms and (b): relative transmission measured under 

    ~17kv/cm with     ~ 5, 26, 52, 77 and 103uJ/cm
2 

at 0.5ps, relative time delay 

between THz and optical pulses.    

 

Secondly, we performed TDS-OPITP spectroscopy for the THz polarization 

perpendicular to the MWNTs axis. Fig 6.4 shows that the waveforms and 

amplitudes spectra of the MWNTs sample measured at 0.3ps (Fig 6.2 shows the 

time delay where the biggest nonlinear effects are detected)  under the fixed 

strong optical pump, 103uJ/cm
2
, at nine different THz peak fields 

strength,       226, 318, 450, 538, 575, 626, 653, 765 and 849kv/cm. 

 

 
FIG.6.5. The THz responses of the MWNTs sample at the fixed optical intensity, 

103uJ/cm
2
, for various THz fields fluencies, 200kv/cm <      < 850kv/cm: (a) The 

transmitted THz waveforms and (b) Relative transmissions.  

 

Fig.6.5 (a) shows phase shifts within The MWCNTs sample. Moreover, 

THz transparent is relatively increased as the strength of THz field is enhanced 

from       538 to 653kv/cm, whereas THz absorption is increased below 
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      538kv/cm and above       653kv/cm (Fig. 6.5(b)).  

 

6.5 Nonlinear conductivity of MWCNTs 

To determine       and      , we used Fresnell transmission coefficient 

(Eq.5.2) and the optimization protocol mentioned in section 5.4. 

 

FIG.6.6 The complex refractive indices of MWNTs sample: (a) real number and (b) 

imaginary number for OPTP, while (c) real number and (d) imaginary number for OPITP. 
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Fig.6.6 shows the complex refractive indices of MWNTs sample via OPTP 

(Fig.6.6 (a) and (b): real imaginary number) and OPITP (Figs.6 (c) and (d): real 

imaginary number) spectroscopies. 

Utilizing these complex numbers and Eq 5.6, we fit the results to the 

conductivities of the nanomaterial. Figure 6.7 (a) represents that photoexcitation 

of MWCNTs (  = 5) in OPTP gives rise to hot carriers produced largely by 

exciting electrons from band to band at 0.5ps, delay time. That is, MWCNTs 

behaves strongly as metallic material when optical pump energy increases 

 

 
FIG.6.7 conductivity of MWCNTs (  = 5) in (a) OPTP and (b) OPITP spectroscopies 

 

On the other hand, as shown in figure 6.7 (b), OPITP leads to two competing 

processes to change the conductivity of MWCNTs: THz induced carrier density 

and intraband tunneling are main dynamic processes as THz peak field increases 

from 200 to 538kV/cm and over 653kV/cm, however, in THz field range between 

538 and 653kV/cm, its effective mass increased by dominant sub-band scattering 

results in reduced mobility of carriers, which makes MWCNTs transparent.    
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6.6 Conclusion 

 We demonstrated experimentally that strong THz and optical pump pulses 

(             ,                and                 increase 

carrier density and generate hot-carriers via interband transitions, however, 

dominant sub-band scattering in the THz-field range between 538 to 653kV/cm 

give rise to less effective mass of carriers, which reduces its mobility. 
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7. Summary 

 

We study the nonlinear THz properties of carbon nanomaterials, two types 

of single layer graphene and free-standing MWCNTs wound on PE reel, via THz 

TDS, OPTP, and OPITP spectroscopies based on the time-resolved pump-probe 

technique, utilizing strong broadband single-cycle THz pulses generated by 

optical rectification of femtosecond pulses in LN. In particular, the optical pulse 

front is tilted at Cherenkov angle (   required to satisfy phase matching condition 

between optical and THz pulses) by diffraction grating to produce THz radiation 

efficiently. 

Intense THz fields make single-layer graphene transparent. Mobility 

depends on the strength of the THz field regardless of the intrinsic sheet 

conductivity of graphene, whereas its normalized one is independent of the sample 

structure, location, and substrate. We demonstrate that the free standing graphene 

is more appropriate to manipulate THz signal than one with a substrate. 

High-field THz-TDS reveals anisotropic THz response of free-standing 

carbon nanotubes. MWCNTs behave like a semi-metal as the THz field increases 

where the polarization is parallel to axis of MWCNTs while exhibiting linear 

absorption in the perpendicular configuration. 

Optical-Pump/THz-probe (OPTP) spectroscopy shows optical pump-

induced absorption in MWCNTs, while non-equilibrium carrier dynamics effects, 

THz induced absorption and transparency, in MWCNTs are investigated by 

Optical-Pump/Intense THz-Pump spectroscopy (OPITP). In the former case, the 

sheet conductivity of MWCNTs is increased by generating photo-excited hot-

carriers. On the other hand, in the latter one, the THz field induced-carrier density 
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is dominant until              , but sub-band scattering is more invigorated 

in the THz-field range between 538 to 653kV/cm, which makes carrier mobility 

lower due to increased effective mass. 
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