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This thesis will cover work that I have completed relating to the field of terahertz 

(THz) science. My work has consisted of generating tunable, narrowband THz pulses in a 

table-top optical setup and using both narrow- and broadband THz pulses to study various 

material systems. Broadband THz pulses were used to study the transmission properties of a 

large-area graphene monolayer and vertically grown carbon nanotube forests. We 

performed raster scans to image our optically invisible graphene sample, which was clearly 

distinguished from its silicon substrate. From these studies, we were able to calculate the 

sheet conductivity/resistivity of the graphene using a contactless, non-damaging method 

that is immune to difficulties arising from local defects within the sample. It also opens up 

the possibility of studying the material properties of a sample enclosed within certain 

structures without having to remove the sample and/or damage the encasement. Further, 

we have discovered that vertically grown carbon nanotubes respond strongly to THz 



radiation. Preliminary simulations suggest that they respond in a very counterintuitive way 

and while much remains to be done before we can state with certainty exactly what is 

physically occurring, the prospect of uncovering such an unanticipated result is tantalizing on 

its own. 

I used difference frequency generation of orthogonal, temporally offset, chirped 

optical pulses to create our narrowband THz pulses. The variable time delay between these 

pulses was used to adjust the pulse’s central frequency. THz time domain spectroscopy and 

calorimeter-based measurements were used to study the temporal and spectral composition 

and field strength of the THz pulses. These pulses, along with their broadband counterparts, 

were used to study electron dynamics within semiconductor nanostructures, both bare 

quantum wells and quantum wells grown inside of a microcavity. The dynamics of exciton 

and exciton-polariton polarizations were studied while intense THz pulses were used to 

modulate their resonances and coherently control their transitions. 
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Terahertz Imaging and Spectroscopy of Carbon-Based and Semiconductor 
Nanostructures 

 
1. Introduction 

1.1 Terahertz Radiation Overview 

Although no strict definition exists, the Terahertz (THz) band is most commonly 

defined as the spectral region from 0.1-10THz. A photon with a frequency of 1THz = 1000GHz 

= 1012Hz has a wavelength of 300μm, a period of 1ps, a wavenumber of 33.3cm-1, an energy 

of 4.14meV, and a corresponding temperature of 48K. THz radiation is a particularly 

interesting region of the electromagnetic spectrum because it bridges the gap between 

optical and electronic frequencies. Past the high energy side of the THz band lies the infrared, 

which is well known due to infrared imaging, and to the low energy side sits the microwave 

region, which has become world famous for its ability to vibrate water molecules to heat 

your leftover dinner. Within this intermediate THz region, however, a plethora of exciting 

new science is emerging as THz sources and detectors are becoming more powerful and 

readily available. 

Although THz radiation is all around us, sources of coherent THz radiation were not 

readily available until the 1990s. THz imaging and THz time domain spectroscopy (THz-TDS) 

have since become powerful tools for medical imaging, security, and an array of scientific 

applications. There is also much potential for using THz radiation in manufacturing as well as 

communication and signal processing. Because of this wide range of applicability, much focus 

has been given to THz science in recent years [1-21]. 

In this thesis I will focus on two THz generation schemes that we have used 

extensively in our lab, namely, optical rectification in nonlinear crystals and difference 
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frequency generation. I will also discuss many of the experiments we ran using these pulses 

and the information we were able to acquire about a broad range of materials and 

interesting physical phenomena. I will also present some theoretical modeling that we 

performed to help us interpret our data and look at some theoretical results from more 

advanced modeling that took place in other groups. 

1.2 Laser Basics 

The advent of femtosecond lasers has been a major boon for the THz sciences. While 

not all THz generation techniques described below rely on these ultrafast laser systems, 

many of the more compact generation schemes do, including those employed in our lab. I 

will therefore briefly outline some of the basic operational requirements for femtosecond 

lasers, focusing specifically on the laser system used in our lab [Fig. 1.1]. 

 

Fig 1.1: Laser System Outline 

A laser system relies on three major components, a gain medium, a high reflector, 

and an output coupler. Materials usually absorb light instead of amplify it, so a material must 

be specially prepared to function as a gain medium. In order to prepare a gain medium, it 

must be pumped with some sort of energy to form a population inversion, that is, most 

electrons within the material must be in an excited energy state. When that occurs, incident 



3 
 

photons can initiate a quantum mechanical process called stimulated emission in which an 

incoming photon causes another photon to be emitted with the same frequency, direction of 

travel, polarization and phase. Some examples of pumping mechanisms are flash bulbs, 

diodes, or another laser. The other two main laser components, the high reflector and 

output coupler, form a laser cavity in which incoming light reflects back and forth many 

times, giving the gain medium sufficient time to significantly amplify the incoming signal. 

While the high reflector is designed to be a nearly perfect reflector, the output coupler is 

designed to allow some of the circulating laser light to pass, thus forming the output of the 

laser. Note that only light aligned very well with the cavity will reflect enough times to be 

sufficiently amplified, thus giving a laser beam its extremely directional nature. 

1.2.1 Diode Pumped Continuous Wave Laser 

Our laser system begins with the Coherent Verdi V-10, which acts as a pump laser 

providing 10 Watts of green output power. The Verdi is a solid-state, diode pumped, 

frequency-doubled Nd:Vanadate laser whose basic operational scheme is outlined in Fig. 

1.2(a). 
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Fig 1.2: (a) Operational principles of the Coherent Verdi V-10 Diode Pumped Laser. τ1 and τ3 
should be much smaller than τ2 to generate a population inversion. (b) Frequency doubling in 

a Lithium Triborate (LBO) crystal. (c) Energy level diagram for frequency doubling. Two 
incoming photons enter a virtual energy level where they are destroyed, thus creating one 

photon of doubled frequency. 
 

A diode pumps electrons into a temporary high energy state where they reside for a 

very short time, τ1. They then occupy another state for a much longer time, τ2, in order to 

create a population inversion. Stimulated emission then knocks them down to yet another 

energy level, during which they emit photons with a wavelength of 1,064nm, after which 

they fall back into the ground state after a short time, τ3. These newly created photons are 

then sent through a LBO crystal where frequency doubling occurs and 532nm light (which is 

green) is emitted [Fig 1.2(b)-(c)]. If we describe our incoming laser beam as 

 

                  (1.1) 

 

then the nonlinear polarization leading to frequency doubling (a.k.a. Second Harmonic 

Generation (SHG)) is [22-23] 

 

     
                           (1.2) 
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where χ(2) is the crystals second-order nonlinear susceptibility. This leads to the generation of 

light with doubled frequency according to the driven wave equation [22], 

 

 
    

  

  

   

   
 

 

    

      
   

   
  (1.3) 

 

This frequency doubled output is then sent from the Verdi into the Mira (also by Coherent) 

where the seed pulse is created… 

1.2.2 Ti:Sapphire Oscillator 

The Mira is an ultrafast modelocked laser with a 76 MHz repetition rate. It uses 

titanium:sapphire as its gain medium and is tunable from 710 to 1,000nm, although we 

generally have it tuned to 800nm. The Mira laser system is relatively simple aside from its 

novel modelocking scheme. Therefore, I will briefly describe what the term “modelocked” 

means and then touch on how the Mira itself works. Essentially, if you consider a laser cavity, 

a certain number of wavelengths, referred to as longitudinal modes, will ‘fit’ within the 

cavity. That is, a number of wavelengths will satisfy         , where   is the cavity length, 

  is the wavelength, and   is a positive integer. If several modes are lasing simultaneously, 

then they will, in general, add together in a random way depending on their relative phases. 

If we can somehow lock their phases together, however, then they will add together to give 

very strong and short pulses with very little noise between pulses. When this occurs, the 

laser is said to be modelocked. At first glance, locking the phases of different laser modes 

seems to be an insurmountably difficult task, so it is worth presenting a simple description of 
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how this can be done. If a pulse of light is trapped in a laser cavity, its round-trip time will be 

         , where   is the laser cavity length,   is the index of refraction in the cavity, and 

  is the speed of light. If there are many pulses within the same cavity with random phases, 

then these pulses will interfere and the output of the laser will oscillate in a complicated way 

with a beat pattern that repeats itself after the round-trip time   (if there are very many 

modes, then these oscillations will even out and the laser is said to be running in continuous 

wave or c.w. mode). If, however, these pulses are all modelocked, then the output of the 

laser will be short pulses with a repetition rate of  . The problem then becomes more 

manageable if we state it in reverse: a laser supporting multiple modes with an output pulse 

rate of   will necessarily be modelocked. In order to accomplish this, the laser cavity must 

have periods of low loss (amplification) followed by short periods of higher loss (laser output) 

separated by the time   [24]. There are two routes one can take to achieve this, either active 

or passive modelocking. Active modelocking uses an external signal to modulate the loss of 

the cavity. Active modelocking requires extreme care to assure that the frequency of the 

external trigger and the round-trip frequency of the laser cavity are kept identical     

(acousto-optic Q-switching is one method of active modelocking that will be addressed 

further when describing the Coherent Evolution laser). The Mira, however, uses passive 

modelocking, in which a material within the laser system uses the laser light itself to 

modulate the loss of the laser cavity. 

The Mira achieves modelocking by use of a Kerr lens and an adjustable slit. A Kerr 

lens is a material that focuses light only when the light reaches some critical intensity. This 

process relies on the fact that for some materials, the index of refraction is dependent on the 

light intensity. Essentially, high electric fields distort the atoms within the material and 
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increase its index of refraction, creating a gradient-index lens. This process is therefore able 

to shrink the width of modelocked pulses while not affecting the weaker c.w. light. An 

adjustable slit is then used to block most of the wide c.w. pulse while allowing all of the 

modelocked pulse to pass. These modelocked pulses, which fire with a repetition rate of 76 

MHz, are the output of the Mira and are used to seed our amplifier (the Coherent Legend). 

1.2.3 Acousto-Optically Q-Switched Pump Laser 

Before going into the operation of our amplifier, I will briefly discuss the operation of 

the amplifiers pump laser, the Coherent Evolution. Like the Verdi pump laser mentioned 

above, the Evolution is a diode-pumped laser system which uses an LBO crystal for frequency 

doubling. Unlike the Verdi, though, the Evolution is an acousto-optically Q-switched, pulsed 

laser with a repetition rate of 1-10 kHz that uses Nd:YLF as its gain medium. We’ve already 

touched on most of the operational principles involved in this laser except for its 

modelocking mechanism (Q-switching), so I will describe that here. The ‘Q’ in Q-switching 

refers to the Q-factor, or quality factor, of a laser cavity. The higher the Q-factor, the less loss 

there is within the cavity. As I mentioned before, to achieve modelocking, one must be able 

to quickly and precisely adjust the loss of a laser cavity. To this end, a block of transparent 

optical material is attached to a piezo-electric transducer and introduced into the laser 

cavity. Energy incident on the transducer is converted into an ultrasonic wave that 

propagates through the optical material. When this device is turned off, the Q-factor of the 

cavity is high. But when this is switched on, the sound wave alters the index of refraction of 

the material and diffracts the beam out of the cavity, thus lowering its Q-factor. By precisely 

controlling the timing of the Q-switch, the Evolution is able to create modelocked pulses 

which form the pump beam for the amplifier. 
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1.2.4 Regenerative Amplifier 

Our amplifier, the Coherent Legend, is the simplest component of our laser system. 

In essence, it takes a seed pulse from the Mira, amplifies it within its titanium:sapphire gain 

medium using the Evolution output as a pump, and outputs an ultra-short and very strong 

laser pulse with a 1 kHz repetition rate. There are only a couple of components within this 

amplifier that merit further discussion. The first are Pockels cells, which are used to 

moderate how many round trips each seed pulse takes through the gain medium before 

being used as the laser output. The Pockels effect will be discussed in greater detail when 

talking about THz generation, but essentially a Pockels cell is a voltage controlled wave plate. 

When switched off, a Pockels cell has no significant effect on a pulse passing through it, but 

when a voltage is applied to the cell, a pulse propagating through will be rotated by π/2. 

When used in conjunction with a polarizer, Pockels cells can be used to feed a pulse into a 

laser cavity, allow it to pass through the gain medium multiple times, and then, by switching 

its polarization, kick the pulse out of the cavity to be used as the lasers output. 

The other interesting component within the amplifier is the pulse 

stretcher/compressor. Since the laser pulses we create are so temporally short and strong, 

they would damage the gain medium if they were sent through it. To circumvent this 

problem, the pulse is stretched out in time so that, while its total energy is the same, its peak 

power never surpasses the damage threshold of the gain medium. After amplification, the 

pulse is then recompressed to form the output of the laser [Fig. 1.3]. To accomplish this 

stretching/compressing, the Legend uses a diffraction grating to spread the pulse out, both 

temporally and spatially, and then reverses the process to give us our final, ultra-short, high-

powered laser pulse. 
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Fig. 1.3: Pulse amplification. The seed pulse is first stretched, then amplified, then 
recompressed to form the output of our laser system. 

1.3 THz Generation 

There are now many ways that people are able to create coherent THz radiation. I 

will briefly touch on some current methods, and go into greater detail about the generation 

schemes we’ve used extensively during my studies. 

1.3.1 Accelerators 

There are two THz sources that directly utilize the radiation emitted by accelerated 

charges, backward wave oscillators (BWOs) and free electron lasers (FELs).  

In a BWO, electrons, which are accelerated by an electron gun, interact with an 

electromagnetic (EM) wave that travels in the opposite direction. They are slowed by a 

periodic grating structure that modulates the field and drives the electrons into bunches. The 

electron bunches excite surface waves on the grating structure and coherently transfer 

energy to the EM wave. The frequency of the EM wave is therefore tunable by adjusting the 
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electron’s accelerating voltage. The continuous-wave (c.w.) THz radiation produced is then 

directed out of the cavity by a waveguide.  

FELs operate by accelerating electrons to relativistic speeds and then using a 

magnetic undulator (commonly referred to as a ‘wiggler’) to force the electrons into a 

sinusoidal path. FELs can create incredibly strong and widely tunable radiation, ranging from 

microwaves to X-rays, but they are very large and expensive, which limits them to user-

facilities. 

1.3.2 Molecular Gas Lasers 

Taking advantage of low-energy molecular state transitions, molecular gas lasers are 

able to produce sharp THz lines at frequencies specific to the gas being used. Their 

usefulness is limited, however, by their low power and lack of tunability. 

1.3.3 Photoconductive Switches 

Photoconductive (PC) switches can be used to generate either pulsed or c.w. THz 

radiation. The biased photoconductive switch is fabricated onto a substrate (typically GaAs) 

as shown in Fig. 1.4. To generate THz pulses, a femtosecond optical pulse is focused onto the 

gap in the switch. When the energy of the input pulse is larger than the bandgap of the 

semiconductor, free carriers are created and current flows. If the carrier lifetime of the 

substrate is sufficiently short, the current is modulated by the intensity profile of the pulse. 

The electrodes of the switch then act as antennae to generate the THz radiation. 

Photomixing is a similar process in which two lasers (or one dual-mode laser) are used to 

generate c.w. THz radiation using a PC switch. In this case the gap in the PC switch is 

illuminated by an optical beat which continually modulates the current and gives rise to c.w. 

THz radiation. 
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Fig. 1.4: Photoconductive Switch 

1.3.4 Optical Rectification 

Optical rectification in Zinc Telluride (ZnTe) was the primary source of THz radiation 

used in our lab during my research. I will therefore go into a bit more detail about how it 

works. The main advantages of generating THz pulses via optical rectification are its 

affordability, compact setup size, high field strength and practical simplicity. Discounting the 

cost of the required laser system, all that is needed to produce THz is the nonlinear electro-

optic (EO) crystal (in our case, ZnTe). ZnTe has become very popular for THz generation and is 

therefore readily available and relatively inexpensive. In contrast to FELs, which require large 

user-facilities, optical rectification requires only enough space for your laser system and the 

nonlinear crystal, which makes it ideal for small labs. While weaker than their FEL 

counterparts, we were able to produce THz pulses using ZnTe with peak field amplitudes of 

~10kV/cm, which is strong enough to induce extreme nonlinear effects [25-26]. The pulses 

are also extremely simple to produce. Assuming the crystal has been cut and positioned 

correctly, a femtosecond laser pulse hitting it at normal incidence will create a THz pulse 

leaving the crystal normal to its back face.  

In order to cut/position the EO crystal correctly, we must first examine the crystal 

structure and deduce the optimal crystal angles. Optical rectification, being a second-order 
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process, requires us to examine its induced nonlinear polarization, which we can describe as 

[27-29]: 

 

 
  

   
           

   
               

    

 

   

 (1.4) 

 

where    is the permittivity of free space,     
   

 is the second-order nonlinear susceptibility 

tensor (which we will describe further later) and i,j,k are the Cartesian components of the 

fields. If the indices are permutable, we can use contracted notation [27]: 
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where 

 

 l = 1 2 3 4 5 6 

j,k = 11 22 33 23,32 31,13 12,21 
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Using this notation we can describe the polarization as a matrix: 

 

 

 

  

  

  

      

                  

                  

                  

 

 

 
 
 
 

  
 

  
 

  
 

     

     

      

 
 
 
 

  (1.7) 

 

ZnTe belongs to the crystal class   3m, which makes it highly symmetric, so many of these 

tensor elements vanish and only one of the remaining elements is independent, d14 = d25 = 

d36 [27]. When an electric field interacts with ZnTe, the radiated THz power varies depending 

on the orientation of the field with respect to the crystal axis. If we write an arbitrary field as 
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then we can write the nonlinear polarization as 
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The resultant THz radiation intensity is proportional to |P|2 so it has an angular dependence 

 

                                              (1.10) 

 

which is maximized at   = π/4 and               [Fig 1.5]. 

 

 

 

Fig 1.5: THz intensity vs. polar angle θ and azimuthal angle    

 

An azimuthal angle of   = π/4 means that the ZnTe crystal should be cut along the *110+ 

crystal axis for maximum THz power. A polar angle of θ=sin-1(2/3) means that the crystal 

should then be rotated until the optical field is parallel to the [  11] or [1  1] axis, which 

would orient the optical field along the chemical bonds between the Zn and the Te [27]. 

Optical rectification is a second order nonlinear process, meaning that it is 

proportional to the square of the incoming field intensity. The electrons (e-) in the ZnTe 

undergo nonlinear oscillations when sufficient field strength is applied. The equation of 

motion describing such a process can be written as: 
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     (1.11) 

 

where   is the e- position,   is a damping parameter,    is the system resonance,   is the 

nonlinear coefficient,   is the e- charge,   the e- mass, and      is the applied field, assumed 

to be a monochromatic plane wave,              . If we assume that the nonlinear term 

is small, we can solve this using a pertubative method. The first order (linear) solution to this 

equation is well known and describes the simple harmonic motion of an electron driven by a 

weak field. 
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The second order solution gives solutions for two responses, second harmonic generation 

(SHG) at   , which we will ignore, and optical rectification: 

 

 
   

         
 

    
 

         

   
          

  (1.13) 

 

From this we can easily obtain the bulk polarization of the material induced by optical 

rectification: 
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where    is the permittivity of free space and               is the second order nonlinear 

susceptibility corresponding to optical rectification. This bulk polarization follows the 

intensity profile of the incoming field and the resulting electron oscillations are responsible 

for the rectification signal. If we wish to delve in a little deeper, we can use the wave 

equation with the nonlinear polarization as the source term [27]: 

 

          

   
 

    
 

  

         

   
 

 

    

    
        

   
 

     

  

            

   
  (1.15) 

 

If we consider the simplest case and assume that the media is dispersionless (all refractive 

indices are independent of frequency) and that the THz and optical waves propagate with 

the same velocity, then, with an input optical field, 

 

 
                   

 

  
 

 

   (1.16) 

 

we can write the resultant THz field as [27]: 

 

 
                  

 

  
 

 

           
 

  
 

 

  (1.17) 

 

where   is a constant and   is the length of the nonlinear crystal. As we can see, for this 

optimized situation, the strength of the output THz field varies linearly with the length of the 
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crystal as shown if Fig 1.6(a). This is generally not true for a real system, as the propagation 

speed in a nonlinear crystal (which is dependent on the index of refraction) is not constant 

for different frequencies of light.  For our system of interest, ZnTe, the relevant indices of 

refraction are             and                , where      assumes a frequency of 1THz 

and          is for 800nm light [30]. This leads to a velocity mismatch, with the optical 

leading the THz, of about 1ps/mm [31]. Because of this, THz waves will only constructively 

interfere until the optical wave moves sufficiently far ahead for destructive interference to 

take over. This begins to happen somewhere around the time when the optical pulse leads 

the initial THz pulse by the optical pulse duration, which occurs after a walk-off length of 

 

    
   

     
  (1.18) 

 

where    is the optical pulse duration and   is the speed of light in vacuum. For an optical 

pulse duration of 100fs, the walk off length of ZnTe is approximately 0.1mm. In Fig. 1.6(b), 

the thick line represents the growth of the THz pulse as it propagates through the ZnTe 

crystal. If you imagine the crystal being made up of many thin slices, the black dotted lines 

represent the small THz pulses generated by the first and last slice of the crystal. As the 

optical pulse propagates, these small THz contributions add up constructively until it reaches 

the walk-off length. After that, destructive interference takes over and the THz pulse 

diminishes with increased propagation distance. For a propagation distance       , only 

the small contributions from the front and back face of the crystal emerge, all other 
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rectification signals completely destructively interfere within the bulk of the crystal. Fig 1.6(c) 

shows the THz field strength as a function of propagation distance. 

 

 

 

Fig 1.6: THz field amplification as a function of propagation distance. (a) With perfect phase 
matching the THz field increases linearly with distance, (b) in ZnTe, the velocity mismatch 

between the optical and THz beams leads to destructive interference after a walk-off length 
of ~0.1mm. (c) THz field strength vs. propagation distance in ZnTe. 
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There are other issues besides velocity matching that must be considered for a 

particular nonlinear crystal to be used for optical rectification. I have already discussed the 

importance of having the generation crystal cut and positioned correctly; I will now briefly 

touch on two other issues, namely dispersion and absorption. Dispersion occurs when a 

medium has a refractive index      that varies with frequency. In such a medium, the group 

velocity of a pulse will generally differ from its phase velocity: 

 

 
       

  

  
            

 

 
               

 

 
  (1.19) 

 

To optimize the velocity matching condition, the optical group velocity should match the THz 

phase velocity at the frequency of interest. The above velocity matching conditions must 

therefore be revised to account for the fact that the THz phase velocity is, in general and in 

ZnTe, different from its group velocity. To account for this, we first look to calculate the 

optical and THz refractive indices in ZnTe, as well as the optical group index [32]: 
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where                                              are constants,   is in    and      

is in    . If we look at the walk-off length as a function of      and  , we can see that the 

velocity matching condition is met for many THz frequencies when the optical wavelength is 

near 800nm (note that for clarity this plot has been cropped at a walk-off length of 2mm) 

[Fig. 1.7]. 

 

 

Fig. 1.7: Walk-off length. (a) Calculated walk-off length for various THz frequencies and 
optical wavelengths. (b) Walk off length at           

 

So, as we can see, the walk-off length can me made arbitrarily large by adjusting the 

frequencies of the optical and THz light. Of course, in practice, the generated THz pulse has a 

broad spectral range so velocity matching cannot be met across the entire spectrum. 

Another measure of velocity matching is the coherence length, or the length after which the 

optical pulse is offset from the THz pulse by a π/2 phase shift [33]: 
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The calculated coherence length for ZnTe is shown in Fig. 1.8 (again, cropping at a length of 

2mm). 

 

 

Fig. 1.8: Coherence Length. (a) The coherence length in ZnTe for various optical and THz 
frequencies. (b) Coherence length in ZnTe for 800nm optical light at various THz frequencies. 

 
In addition to concerns about walk-off and coherence lengths, absorption by the 

generation crystal must also be considered. The dominant absorption mechanisms for most 

EO crystals are transverse-optical (TO) phonon resonances. These resonances generally occur 

for the relatively high frequencies from ~5-10THz (for ZnTe the lowest TO-phonon frequency 

is 5.3THz [34-35]). ZnTe also absorbs THz via two-photon processes at frequencies around 1.6 

and 3.7THz [34,36]. While the THz absorption at 1.6THz is not overwhelming, the other 

absorption processes limit the usefulness of ZnTe for generation and detection of THz pulses 

for frequencies much higher than ~3THz.  

Considering all of this, the ZnTe generation crystal we have used extensively in our 

lab is 1mm thick, which optimizes the power of the generated THz pulses, although the 

spectral broadness does suffer some when compared to a thinner generation crystal. Below, 
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in Fig. 1.9(a), we can see a single cycle THz pulse created by optical rectification and, in Fig. 

1.9(b), its broad frequency spectrum. 

 

 

Fig 1.9: Optical Rectification. (a) THz pulse generated by optical rectification in a 1mm thick 
ZnTe crystal and (b) its frequency spectrum. 

 

1.3.5 Difference Frequency Generation 

While strong broadband THz pulses offer a means to study a wide range of physical 

phenomena, narrowband THz pulses can also often be desirable. Broadband pulses contain 

photons with a wide range of energies and can therefore excite a relatively wide range of 

effects. Sometimes, however, an experiment requires that you pick out a particular energy to 

excite a particular transition while suppressing effects at other energies. Narrowband pulses 

are also necessarily longer in the time domain, containing at least several cycles. This makes 

them useful for studying effects that require more time and multiple cycles to develop 

(namely Rabi oscillations, see Sec. 4.1.4). A c.w. THz source may seem the ideal candidate for 

multi-cycle THz studies, but if you wish to study the dynamics of a system, you still need a 

relatively short temporal pulse to excite the system and let it return to its ground state. To 
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this end, we developed a scheme using type-II difference frequency generation (DFG) to 

generate intense narrowband THz pulses [37]. 

DFG is a second-order nonlinear optical process. It is similar in many ways to optical 

rectification, but it uses two light pulses with slightly different frequencies instead of 

rectifying a single optical pulse. In DFG, two optical beams of frequency ω1 and ω2, incident 

upon a nonlinear crystal, produce an electromagnetic wave of frequency             . 

Let’s consider an optical field with two frequency components incident upon a nonlinear 

crystal 

 

                               (1.24) 

 

If we apply a similar treatment as we did with optical rectification we get the nonlinear 

polarization 

 

                     (1.25) 

 

which, when expanded, gives us the nonlinear polarization term for DFG 

 

     
                  

                  (1.26) 

 

It is worth noting that the full expression for the second order nonlinear polarization contains 

terms for difference and sum (     ) frequency generation, as well as second harmonic 

generation (   ) and optical rectification. It may seem difficult to extract any one desired 
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effect from the material system, but by carefully cutting and positioning your nonlinear 

crystal and selecting an appropriate polarization of light, all effects but one are generally 

suppressed. From eqn. 1.26, we can see that          
   

     will oscillate at the difference 

frequency          –    . 

At first glance it seems that co-propagating two pulses of slightly different 

frequencies through a nonlinear crystal would be a very difficult task, especially since our lab 

has only one suitable laser. In order to accomplish this, we used a linearly chirped optical 

pulse instead of our usual ultra-short optical pulses. A pulse is said to be chirped if its 

frequency is time dependant [Fig. 1.10], and a linearly chirped Gaussian pulse can be written 

as 

 

              
            (1.27) 

 

where              is the pulse duration,    is the central frequency and   is the chirp 

parameter.  

 

 

Fig. 1.10: Chirped Pulse. An (a) unchirped vs. (b) chirped Gaussian pulse. 
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The angular frequency at any point in time can be written as 

 

 
     

  

  
 

 

  
                   (1.28) 

 

We take advantage of this linear chirp by splitting our pulse in two and then recombining 

them with a relative time delay. Since this chirp is linear, the difference in frequency at any 

point in time will be constant [Fig. 1.11] and it can be easily related to the chirp parameter 

and the pulse separation  , 

 

 
   

  

  
 

 

  
              

  

 
  (1.29) 

 

 

 

Fig. 1.11: Chirped pulses co-propagating. Their frequencies vary in time but the difference in 
frequency,   , remains constant. 
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We therefore end up with two pulses with a constant difference of frequency that we can 

use to generate a strong DFG signal. The question still remains as to how we go about 

generating a chirped pulse, and the answer is actually quite simple. Recall from Sec. 1.2.4 

that our amplifier uses gratings to stretch and then recompress our laser pulse during the 

amplification process. We simply adjust the compressor in our amplifier to leave the pulse 

somewhat uncompressed. Since the gratings stretch the pulse out by forcing lower frequency 

components to travel a further distance than their high frequency counterparts, an 

uncompressed pulse will necessarily acquire a linear chirp [Fig. 1.12]. 

 

 

Fig. 1.12: Diffraction grating setup. This setup is used to introduce a linear chirp into our 
pulse. 

 
 

Our experimental scheme is summarized in Fig. 1.13. An s-polarized, linearly chirped 

pulse enters the setup where it is split in half by a 50/50 beam splitter. A thin-film polarizer 

which allows s-polarized light to pass but reflects p-polarized light is used to recombine the 

beams. One of the beams passes through the polarizer, makes a double pass through a     

plate, thus rotating it to p-polarization, and has an adjustable time delay introduced. It is 

then recombined with the other beam with an adjustable, relative time delay, and these 

orthogonal beams co-propagate through our nonlinear crystal (ZnTe), which generates our 
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narrowband, multi-cycle THz pulse (note that in type-II DFG, type-II refers to the fact that the 

two beams are orthogonal [Fig. 1.14]).  

 

 

Fig. 1.13: Experimental setup for DFG. Orthogonal, chirped pulses with a variable, relative 
time delay τ co-propagate through a nonlinear crystal to generate a narrowband THz pulse. 

 

 

Fig. 1.14: Orthogonal, temporally offset, chirped pulses. 

Using the orthogonally polarized light of type-II DFG is advantageous for a couple of 

reasons. We could instead use a Michelson interferometer setup to split and recombine our 

optical pulse, but that would require that we lose 50% of our input pulse power, which would 
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obviously have a detrimental effect to our THz output power. Additionally, the output power 

of a ZnTe crystal can be limited by parasitic effects that occur at high fluency. These effects, 

such as two-photon absorption and carrier generation, are orientation-dependant and can 

be suppressed by proper alignment of the crystal with respect to the incoming pulse 

polarizations. A pulse generated via DFG can be seen in Fig. 1.15. Fig 1.15(a) shows the THz 

pulse energy obtained as the time delay between the two halves of the probe beam is varied. 

Fig. 1.15(b-c) show the THz waveform and its resulting spectrum, respectively, generated at 

the maximum THz pulse energy of 0.117nJ. As we can see, the pulse in Fig. 1.15(b) contains 

multiple cycles and is quite a bit longer that the pulse in Fig. 1.9(a) The frequency spectrum, 

centered around 1.37 THz has a full width at half maximum (FWHM) of 0.25 THz, which is 

significantly narrower than that of the single cycle pulse seen in Fig. 1.9(b). 

 

 

Fig. 1.15: Difference Frequency Generation. (a) THz pulse energy as a function of the time 
delay between the orthogonally polarized halves of the pump beam. (b) THz waveform 

generated with a DFG time delay of -1.48ps (max THz pulse energy) (c) Narrow frequency 
spectrum of the generated THz pulse, centered around 1.37 THz with a FWHM of 0.25 THz. 

 
 Our work developing our DFG setup was published in the Journal of Applied Physics 

and was presented at the NWAPS [38-39]. 
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1.4 THz Detection 

The detection of THz radiation is also a somewhat tricky business. Photodetectors, 

which are commonly used to detect light at optical frequencies, will not work for THz 

radiation since THz photon energies are below the typical bandgap energies of most 

semiconductors. Although they are much slower than their photodetector counterparts, 

thermal detectors are able to register energies down into the THz regime. There are three 

thermal detectors typically used for THz detection that I will briefly discuss: Golay cells, 

pyroelectric detectors and bolometers. 

1.4.1 Golay Cells 

Golay cells use the change in gas pressure induced by a change in the gas’ 

temperature to detect incoming radiation. A Golay cell uses a blackened film to absorb 

incoming radiation and transmit the induced heat to a small chamber filled with a gas, most 

often xenon [Fig 1.16]. One of the sides of this chamber is made of a flexible, mirrored 

material that deforms in response to the change in temperature and pressure of the gas. A 

light source reflects off of the deformed mirror and is detected. Based on variations in the 

detected light, the deformation of the mirror, and therefore the extent of the heating of the 

gas, can be deduced. From this, the energy of the incoming radiation can be found. 

 

 

Fig. 1.16: A Golay Cell. 
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1.4.2 Pyroelectric Detectors 

Pyroelectric detectors are another thermal detector that can register THz radiation. 

Pyroelectric detectors take advantage of the voltage that is generated when the polarization 

of a crystal is changed. Their basic operational scheme is as follows: A pyroelectric material 

fills the gap between a capacitor, one side of which has been blackened to absorb incoming 

radiation [Fig. 1.17]. Incoming radiation heats the material and alters its polarization, which 

induces a voltage difference between the plates of the capacitor. A voltage meter is 

connected across the capacitor plates and registers this voltage difference, from which the 

incoming radiation intensity can be inferred. 

 

 

Fig. 1.17: A Pyroelectric Detector 

 

1.4.3 Bolometers 

Bolometers are the most sensitive thermal detectors in the THz regime, and we used 

one extensively in our lab during my research. Bolometers operate by measuring the 

temperature-induced change in resistance of a thermometer as a result of incoming 

radiation. They have exceptional sensitivity because they operate at cryogenic temperatures, 

ours was cooled with liquid helium (L-He) and operated at a temperature of ~4K [Fig. 1.18]. 
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Incident radiation heats a thin film that is in thermal contact with a thermometer and a heat 

sink (a reservoir of L-He in our case). The thermometer is made of a semiconductor material, 

ours was made of doped silicon. The thermometer has a bias voltage applied across it and as 

it is heated, its resistivity changes, thus modifying the amount of current that flows through 

it. This change in current is monitored and from it, the intensity of the incident radiation can 

be determined. It is worth noting that, while exceptionally useful for THz studies, bolometers 

can measure radiation power across a very large spectral range as well as other forms of 

energy, even particles. 

 

 

Fig 1.18: Schematic diagram of a bolometer 

 

While thermal detectors are a powerful tool for detecting THz radiation, their 

usefulness is somewhat limited. This is because their response time is relatively slow (0.1-

1ms), so they can only be used to acquire information about the THz intensity. Other means 

are required to gather more information, such as the time evolution of a THz pulse, its 

frequency spectrum and any phase information. In order to collect all of this information, we 

use electro-optic (EO) sampling. 
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1.4.4 Electro-Optic Sampling 

I’ll begin with a more practical look at EO sampling before delving too deep into any 

details. To begin with, a laser pulse is separated into two pulses by a beam splitter, a weak 

probe pulse and a strong pump pulse [Fig. 1.19]. A relative time delay is introduced and the 

pump beam is sent through a ZnTe crystal (other means of THz generation can, of course, be 

used) where optical rectification generates a THz pulse (the remaining optical light is then 

filtered out). The probe beam and the THz beam are then made collinear and sent through 

the detection crystal where the THz beam induces a birefringence which rotates the 

polarization of the probe beam. The slightly elliptical probe beam is then sent through a 

quarter wave plate (λ/4) which rotates its polarization until it is nearly circularly polarized. 

The probe then passes through a Wollaston prism which separates it into its constituent 

polarizations. The slight intensity difference between these polarizations is measured by a 

balanced photodetector and that minute signal is sent to a lock-in amplifier. By varying the 

time delay between the pump and the probe pulses, we are able to map out the THz pulse in 

the time domain [Fig. 1.20]. 
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Fig. 1.19: Electro-Optic Sampling Setup. (a) Pump/Probe setup with EO sampling. (b) Probe 
beam polarization at various points in the EO setup. The signal          measures the 

shift in probe polarization brought about by the induced birefringence in the ZnTe crystal due 
to the THz pulse. 

 

 

Fig. 1.20: THz pulse mapped out in the time domain by EO sampling. 
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Electro-Optic sampling utilizes the THz-induced birefringence in an EO crystal to alter 

the polarization of a co-propagating optical probe pulse and then measures that probes 

polarization to infer the THz field strength [40-45]. EO sampling takes advantage of what is 

known as the Pockels effect, in which a constant (or slowly varying) field induces a 

birefringence that is proportional to the field strength (this is similar to the Kerr effect, the 

difference being that the Kerr effect is quadratic with respect to the field strength). Since our 

THz pulse is much longer than the optical pulse that created it, when they are temporally 

overlapped the optical field sees the THz field as essentially constant. The polarization 

induced by the Pockels effect can be described as [46]: 

 

   
               

                    

   

 

 

       
   

               

 

 

(1.30) 

 

where     
   

          
                 is the field induced susceptibility tensor. It is 

worth noting the similarity between the polarization from the Pockels effect and that 

describing optical rectification (Eqn. 1.4). Because these effects are similar, a similar (or, as in 

our case, the same) kind of nonlinear crystal can be used for both THz generation and 

detection. Further, if we assume ZnTe to be a lossless medium (which is a good 

approximation), then     
                

            [46], so we get the same nonlinear 

coefficients that we had for optical rectification! So, we may write out the polarization as 
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      (1.31) 

 

In order to maximize the induced birefringence, both the optical and the THz electric fields 

should be parallel to the [1  0] axis of a [110] oriented crystal [46]. We can then write our 

fields as 
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With these definitions we get 

 

 

 

  

  

  

         

 
 

  
   

  
      

   
  

   
  

 

                                 

(1.33) 

 

We can see from here that the induced nonlinear polarization is perpendicular to the 

incident optical field. This polarization transforms the linearly polarized optical input into an 

elliptically polarized output with a differential phase retardation of [47] 
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          (1.34) 

 

where   is the propagation distance,      is the refractive index at the optical frequency and 

    is the EO coefficient. This shift in polarization can then be measured by separating the 

optical probe beam into its constituent polarizations using a Wollaston prism and then 

sending it into a balanced photodetector. If we run the optical beam through a λ/4 plate 

after this rotation (to circularly polarize it and therefore balance the photodetector signal for 

      ) then the intensities of our split probe beams are 

 

 
   

  
 

                   
  
 

             (1.35) 

 

where    is the incident probe intensity. In most cases        so we may assume 

             which leaves us with a total signal from the balanced photodetector of 

 

 
              

    

 
    

               (1.36) 

 

So our photodetector signal output is directly proportional to the THz field strength! 

We’ve now covered all of the major tools used for THz generation and detection. It’s 

now time to turn our attention to some of the experiments we’ve run using these THz pulses. 

 

 



37 
 

2. Graphene Studies 

2.1 Experiment Overview 

I will start by presenting some of the work we’ve done studying graphene. Graphene 

is an allotrope of carbon that is arranged in a single atomic layer honeycomb lattice (in 

common practice, graphene is also often used to describe two or more atomic layers of 

carbon. I will therefore describe our sample as single layer, or monolayer, graphene) [48-65]. 

Graphene is a very interesting material with a host of notable properties. To quote A. K. Geim 

in a recent review of graphene, 

 

[g]raphene is a wonder material with many superlatives to its name. It is the 
thinnest material in the universe and the strongest ever measured. Its charge 
carriers exhibit giant intrinsic mobility, have the smallest effective mass (it is 
zero) and can travel micrometer-long distances without scattering at room 
temperature. Graphene can sustain current densities 6 orders higher than 
copper, shows record thermal conductivity and stiffness, is impermeable to 
gases and reconciles such conflicting qualities as brittleness and ductility. 
Electron transport in graphene is described by a Dirac-like equation, which 
allows the investigation of relativistic quantum phenomena in a bench-top 
experiment. What are other surprises that graphene keeps in store for us? [66] 

 

This last question is one that we hope to help answer. To that end, we performed THz 

imaging via THz power transmission and THz-TDS on a sheet of large-area, single layer 

graphene deposited on a silicon substrate. The data from these images allowed us to 

calculate the sheet conductivity of our graphene monolayer,                    (which 

corresponds to a sheet resistivity of        
           ) over the entire graphene sheet 

(~20x20mm2). There have been other attempts to calculate the sheet conductivity of 

graphene, and reassuringly, our value falls near the middle of the wide range of published 

values (which range from nearly 100Ω to upwards of 104Ω) *67-71]. While standard four-
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point probe techniques can also be used to calculate the sheet conductivity, these methods 

are susceptible to errors arising due to local defects and will damage the graphene sample. A 

THz transmission measurement, being a local, contactless measurement, does not suffer 

from either of these shortcomings. It would also be possible to examine a sample if it were 

embedded within certain types of casings without needing to remove it, making these 

transmission measurements a powerful tool for material studies.  

For both the power and TDS measurements, we generated a broadband THz pulse 

via optical rectification in a 1mm ZnTe crystal and focused it down to a beam size of 0.5mm. 

These transmitted pulses were then measured using either a bolometer or EO sampling with 

another 1mm ZnTe crystal. We then performed raster scans over the entire sample to 

generate our images. 

2.2 Power Transmission Studies 

2.2.1 Power Transmission Imaging 

The simpler and more aesthetically pleasing pictures were generated using the 

transmitted THz power through the graphene sample. A liquid-helium (L-He) cooled 

Si:Bolometer was used to measure the transmitted THz power as the sample was moved 

relative to the THz focus [Fig. 2.1]. Computer controlled translational stages were used to 

move the sample relative to the THz focus, allowing us to raster scan the graphene. Our 

bolometer collected the transmitted THz power and that data was used to generate our 

image. 
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Fig. 2.1: Power Transmission Setup. Our graphene sample sits in the focus of our THz pulse. 
Computer controlled translational stages are used to move the sample and generate a raster 

scan of the image. The image is comprised of power transmission data collected from the 
bolometer. 

 

Our image [Fig. 2.2] covers a 26 41-mm2 region with 0.4-mm pixel size. The Si-

mounted graphene film can clearly be seen as the dark, square shape in the middle of the 

image (average transmission 38.6%). Surrounding it is the semicircle of bare Si substrate 

(average transmission 56.6%). The white region is air, and the metal sample mount can be 

seen as the dark stripe along the left edge, and somewhat along the bottom, of the image. It 

is worth taking a moment to reflect, I believe, on how amazing this truly is. This graphene is 

only a single atomic layer thick (as Geim states above, it is the thinnest material in the 

universe) yet it is able to block the transmission of close to 20% of the THz radiation that hits 

it! 
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Fig 2.2: Power Transmission Image of Graphene. This image was formed from a raster scan 
with 0.4mm pixel size. Our Si-mounted graphene monolayer (dark square) can clearly be 

distinguished from the bare Si (gray semicircle), the air (white) and the metal sample mount 
(black). 

 
We also performed a high resolution scan of the graphene. We scanned across a Si to 

Si+Graphene transition with a 20μm pixel size in order to learn the limits of our spatial 

resolution [Fig. 2.3]. As you can see, we were able to clearly resolve the graphene transition, 

and our spatial resolution appears to be limited only by the size of our THz focus, which is 

approximately 0.5mm [Fig. 2.4]. 
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Fig. 2.3: High definition raster scan of graphene.  The relative transmission is with respect to 
an air reference. This 1.5mm2 scan was taken with a 20 μm pixel size. 

 
 

  

Fig. 2.4: Cross-section of the transition from bare Si to Graphene+Si. The spatial 
resolution of our raster scans appear to be limited only by our THz beam waist at its focus, 

which is approximately 0.5mm. 
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2.2.2 Power Transmission Conductivity Measurements 

The ability of our THz setup to image graphene so clearly is in itself noteworthy (the 

graphene layer is optically invisible), but we would also like to be able to glean some 

additional information from the relative THz transmission. Fortunately, we can. In order to 

further analyze this data, we will look at the Fresnel coefficients for transmission through the 

entire sample. We will treat the graphene as a thin film while the Si substrate will be treated 

as an optically thick, dispersionless material (the index of refraction for Si is a nearly constant 

           at THz frequencies). Since the graphene is a thin film, all internal reflections 

within it will interfere with one another and phase information must be accounted for. The 

optically thick Si, however, will have temporally distinct internal reflections and therefore 

any interference terms should be neglected. We’ll start by looking at the combined 

transmission coefficient for the Air->Graphene->Silicon system [Fig. 2.5]. 

 

 

Fig. 2.5: Transmission coefficient through a graphene thin film (t). 
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If we look at Fig. 2.5, the     and     are the standard Fresnel coefficients and can be written, 

for normal incidence, as 

 

 
    

   

     
           

     

     
  (2.1) 

 

The total phase accumulated during each pass through the graphene (of width  ) is 

         . The total transmission from air to silicon ( ) can then be written as 
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Noting that the sum is a geometric series and that            we can write this as 
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A similar treatment can be used to find the internal reflection coefficient at the Si-

Graphene/Air interface (  in Fig 2.6), 
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  (2.6) 

 

This sum is again a geometric series which will leave us with 
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The term in brackets reduces to unity leaving us with 
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Fig 2.6: Transmission through an Air-Graphene-Si-Air system.   and   are the thin-film 
transmission and internal reflection coefficients, respectively. 

 
We are now in a position to calculate the relative THz transmission through our Air-

Graphene-Si-Air system verses the case where the graphene is not present (for the case 

without graphene, we simply substitute       and      ). The first few transmission 

coefficients would be 

 

 Graphene on Si Si alone 

                             

                                             

                                                   

 

      (2.9) 

 

The response time of the bolometer is not fast enough to temporally resolve the 

individual pulses (     ,etc.), so the initial pulse and all reflections are measured 

simultaneously. The total transmitted power through graphene on silicon and bare silicon 

can then be written as 
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Which are, again, geometric series, which leave us with 

 

 
          

     
 

       
  (2.12) 

 

 
         

   
    

 

     
    

   (2.13) 

 

The trick is now relating the relative transmission,                   , to the 

conductivity of the graphene. To that end, we will invoke the Drude model, from which we 

get the relation [72-73] 

 

          
   (2.14) 

 

(The justification for using the Drude model comes from the flat differential frequency 

spectra found in the transmission measurements made using TDS, which will be discussed 

later [see Sec. 2.3]). The relative transmission is dependent upon the thin-film reflection and 

transmission coefficients (  and  , respectively) and known Fresnel coefficients. The thin-film 

coefficients are in turn dependent on the index of refraction of the graphene sample,   , 

which we can relate to the conductivity via the Drude model. We are therefore able to relate 
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the conductivity of our graphene sample to the relative transmission we found from our 

imaging experiment! 

 Since we will end up calculating the sheet conductivity of graphene (due to the fact 

that the thickness of graphene is not well defined [74-83]), it may be worth taking a moment 

to more precisely define that quantity. There are two avenues which can be taken to arrive 

at the sheet conductivity. The first requires us to guess the thickness of the graphene, solve 

for the bulk conductivity, then multiply by that thickness. The second method, which I will 

briefly describe below, involves a simple approximation to remove the thickness from the 

calculations. Reassuringly, both methods agree exceptionally well. 

 In order to remove the thickness of the graphene from the thin-film coefficients, we 

must make a few assumptions. We must assume that the thickness of our film is far less than 

the wavelength of our light,     (which, in our case, is a very safe assumption). This leads 

to a very small phase accumulation while travelling through our film,    . Second, we 

assume that our film is metallic, i.e.                   . With these assumptions in place, 

we start with our definition of the thin-film transmission coefficient 

 

 
  

       
  

            
  (2.15) 

  

From here, we can rearrange the equation to the form 

 

 
  

     

                         
        

 (2.16) 
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where, again,                      and       . If we then use our first assumption, 

   , we can rearrange this equation into the following form, 

 

 
  

   

    
  

      

         

  
(2.17) 

We can then invoke our assumption that our thin film is metallic, which, after some 

rearranging, leaves us with 

 
     

     

          
  (2.18) 

where          is the impedance of free space and       is the sheet conductivity. A 

similar treatment can be used to find an approximation for the thin film reflection 

coefficient,  

 
  

          

          
  (2.19) 

  

Using this treatment eliminates the need to hazard a guess about the thickness of 

the thin film, but requires that a few approximations be made. Although both methods have 

their advantages, either method that we used gave us the same answer for our graphene 

conductivity calculations. 

To calculate the conductivity of graphene, the most obvious approach, and the first 

approach I took, was to average the transmission data acquired over a large area of 

graphene+Si and compare that to a similarly averaged area of pure silicon. Doing this gave us 

our sheet conductivity of  s = 2.04 10-3 
 

-1. Inquiring minds, however, might wonder how 

trustworthy that value really is. In Fig. 2.2, for example, we can see that the THz transmission 
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is not completely uniform throughout the sample. It may therefore be worth looking at a 

spread of conductivity values obtained by comparing different graphene+Si transmission 

points to those of bare Si and invoking some simple statistics to convince ourselves that our 

obtained values are really meaningful. 

2.2.3 Statistical Analysis 

To that end, I compared the relative transmission through every point (within a large 

window avoiding every edge) of the graphene+Si to that of the Si [Fig. 2.7]. 

 

 

Fig. 2.7: Graphene+Si vs. bare Si Transmission. (a) All permutations of the relative 
transmission between graphene+Si and bare Si along with the mean value and standard 

deviations. (b) Sorted permutations 
 

As we can see, there is indeed some spread in the relative transmissions when we 

look all of their permutations. The average relative transmission turns out to be 68.17% 

(which again gives us our sheet conductivity of  s = 2.04 10-3 
 

-1), but we can now look at 

the standard deviation of our data, which turns out to be 2.71% points. We now hope to be 

able to define a confidence interval for our value of the sheet conductivity. To do this, we can 

look at the values obtained for the sheet conductivity within one or two standard deviations, 

shown in Fig. 2.8. 

Sort

(a) (b)
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Fig. 2.8: Sheet Conductivity of Graphene. Average relative transmission at mean and mean ± 
1 or 2 standard deviations. Also, the calculated sheet conductivity for those relative 

transmissions. 
 

In order to establish a confidence interval from this, we need to first confirm that the 

spread of values conforms to Gaussian (or some other form of) statistics. From Fig. 2.7(b), it 

seems apparent that the spread is indeed Gaussian, which I confirmed by fitting an error 

function to the spread (Fig. 2.9). 

 

 

Fig. 2.9: Error function fit. This error function has been fit to the spread of relative 
transmissions observed between graphene+Si and bare Si. The good fit implies that our data 

has a Gaussian distribution. 
 

TGraphene/TSilicon # of Standard 
Deviations

σs (10-3 Ω-1)

62.75% 2 2.56

65.46% 1 2.28

68.17% 0 2.04

70.88% 1 1.80

73.59% 2 1.58

Error Function

A = 5.3729·105

ω = 1.1907·106

t0 = 68.17



51 
 

Since we have confirmed that our data indeed follows a Gaussian spread, we can 

safely conclude that there is a 68.3% chance that the true value of the sheet conductivity falls 

within one standard deviation and a 95.5% chance that it falls within two standard 

deviations. We can further refine these intervals by looking at the data taken using THz-TDS. 

2.3 THz-TDS Studies 

2.3.1 THz-TDS Imaging 

We performed a similar imaging experiment using THz-TDS instead of power 

transmission measurements. TDS is a more involved and time-consuming detection method 

when compared to power transmission, but it has the crucial benefit of being able to time-

resolve the transmitted THz pulses. The experimental setup is summarized in Fig. 2.10. 

Translational stages are used to move the graphene with respect to the THz focus in order to 

generate a raster scan image of the sample. ZnTe is used as the detection crystal and EO 

sampling is able to temporally resolve the transmitted THz pulse. 
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Fig. 2.10: THz-TDS imaging of graphene. Translational stages are used to generate an image 
via raster scans. At each point, transmitted THz pulses are mapped out in the time domain by 

EO sampling. 
 

The ability to temporally resolve the transmitted THz pulse has several advantages 

over our simpler power transmission measurements. When a pulse enters into our sample, it 

undergoes reflections at every interface. These reflections manifest themselves as a pulse 

train leaving the sample, each of which can be resolved and studied independently            

[Fig. 2.11]. 
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Fig. 2.11: THz pulse train leaving a graphene+Si sample. (a) The first reflection (magnified) 
was used for TDS imaging due to its enhanced resolution from multiple passes through 

graphene. (b) Initial pulse and first reflection through bare Si and graphene+Si. The 
enhancement of the E-field and time-delay differences for the first reflection can easily be 

discerned. 
 

As the pulse bounces back and forth within the sample, it encounters the graphene 

over and over again. Because of this, we used the second pulse (the first reflection) to image 

the graphene. In Fig. 2.11(b), you can easily see that ΔE2 is much larger than ΔE1, and the 

same holds for the time delays. While this enhancement continues for later pulses, the 

pulses themselves get too weak and the image quality would suffer as the signal to noise 

ratio declined. The raw data from such a measurement is not quite as easy to interpret as the 

data from the power measurements [Fig. 2.12+. Here, every ‘pixel’ is comprised of a short 

TDS run that maps out an entire transmitted THz pulse. 

 

ΔE1

Δt1

ΔE2

Δt2

(a) (b)



54 
 

 

Fig. 2.12: Raw data from a TDS raster scan of graphene. Every ‘pixel’ is comprised of an entire 
TDS run. The pixel size is 0.4mm and we scanned over a 20x25mm2 region. 

 

Although a rough outline of the graphene sample can be discerned in the middle of 

Fig. 2.12, it is obvious that further processing is desirable. There are several ways for this to 

be done, and I’ll briefly go through each technique I’ve used to process this data.  

2.3.2 Time Delay Imaging 

As we can see in Fig. 2.11, pulses travelling through graphene+Si experience a 

different time delay than those travelling through bare silicon. We can therefore generate a 

surface plot by looking at the position of each pulse that makes up Fig. 2.12. Doing this gives 

us Fig. 2.13. We can clearly see the region where the graphene is on top of the silicon. 
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Fig. 2.13: Pulse Delay Imaging of Graphene. This is a surface plot of the time delay of each 
transmitted THz pulse. Data in the top left corner was omitted because the pulses were off of 

the sample and the time delay was ill-defined. 
 

2.3.3 Peak-Peak Imaging 

A more straightforward and effective means of imaging our graphene sample is to 

simply look at the transmitted peak-peak THz field [Fig. 2.14]. In Fig. 2.14(b) we can clearly 

see the graphene (dark square) on top of the bare Si (light gray) and the air (black in top left). 

It may be worth noting that the air region registers as black (zero THz transmission) because 

we were looking at the first reflection within the sample, and there would obviously be no 

internal reflection without a sample present. While the THz transmission is the strongest 

away from the sample, the time delay is shifted sufficiently far that our scan does not detect 

the THz pulse away from the sample.  
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Fig. 2.14: Peak-Peak Imaging of Graphene. (a) Peak-peak measurement of a single THz pulse. 
(b) Surface plot generated from the peak-peak values of all THz pulses mapped out in our 

0.4mm step size raster scan of our graphene+Si/bare Si sample. 
 

In Fig. 2.15 we can see a photograph of our graphene sample alongside the same 

photo with our image superimposed on top. The scratches in the sample indicate roughly 

where the graphene square is located. 

 

 

Fig. 2.15: Graphene Sample. (a) Photograph of our graphene sample. The black semicircle is 
pure silicon while the scratches roughly indicate the location of the graphene thin-film. (b) 

The same photograph as (a) with our graphene image superimposed. 
 

THz

Peak-Peak

(a)

(b)
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While imaging this time-domain data is valuable, and information can be gleaned 

from it (as we’ll see a little later), the true power of THz-TDS is manifest when we examine 

the Fourier transformed signal in the frequency domain. 

2.3.4 Frequency Domain Imaging 

To elicit the frequency-domain data, I used the fast-Fourier-transform (FFT) 

algorithm in Matlab. This allowed me to make a surface plot similar to Fig. 2.12, only this 

time every ‘pixel’ is the transformed time-domain data [Fig. 2.16]. Again, we can see the 

outline of our graphene sample in the middle of this image, but further processing is 

necessary to extract any truly useful images/information. 

 

 

Fig. 2.16: Fourier transformed TDS raster scan of our graphene sample. 

 

The first and perhaps most obvious way to use this data to image our sample is to 

simply plot the maximum amplitude for each ‘pixel’ [Fig 2.17(a)]. Doing this will give us the 

image in Fig. 2.17(b). 
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Fig. 2.17: Frequency Amplitude Image of Graphene. Graphene imaging using the amplitude 
of the Fourier transformed TDS raster scan data. (a) The amplitude of a single scan. (b) Raster 
scan of our sample. The graphene+Si is the dark square in the middle. The bare Si is the gray 

region and the black in the top left is air (no sample). 
 

A similar technique which carries a little more physical significance is to look at the 

power spectrum of each transmitted pulse [Fig. 2.18]. 

 

 

 

Amplitude

(a)

(b)
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Fig. 2.18. Power Spectrum Imaging of Graphene. (a) Power Spectrum of a single THz pulse. 
(b)Graphene imaging using the power spectrum of the Fourier transformed TDS raster scan 

data. The graphene+Si is the dark square in the middle. The bare Si is the gray region and the 
black in the top left is air (no sample). 

 

Perhaps the most important aspect of this TDS data, however, is the ability to image 

our sample at various frequencies. By picking out specific frequencies, we can see how the 

transmission properties of this (or any other sample) vary with respect to frequency. In Fig. 

2.19, you can see several frequencies that I selected to image the graphene sample. We 

would expect that our imaging would work best when we have a strong THz signal, from 

about 0.25-2THz, which we can confirm by looking at Fig. 2.20. 
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Fig. 2.19. Spectrum of a single THz pulse. Any frequency can be used for THz imaging. The 
circles indicate the frequencies used for imaging in Fig. 2.20. 

 

 

Fig. 2.20. Frequency Imaging of Graphene. Here we see THz-TDS imaging of graphene for 
various THz frequencies. Imaging is effective over the frequency range where the transmitted 

THz pulse is strong, ~0.25-2THz, see Fig. 2.19. Outside of this range the signal to noise ratio 
quickly declines. 

 

0 1 2 3 4 5
Frequency (THz)
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As you can see, imaging via THz-TDS can be a very powerful way to view a given 

sample. A single raster scan allows you to view the sample in many different ways and glean 

information about its uniformity, thickness, frequency response and electrical properties.  

2.3.5 THz-TDS Conductivity Measurements 

We will now go on to calculate the sheet conductivity of graphene using our TDS 

data. The theory we will use is the same as we used when dealing with the power 

transmission data [Sec. 2.2.2], but now we are able to discern each individual pulse. If you 

recall from Sec. 2.2.2, the transmission coefficients for the initial pulse and the first couple of 

reflections can be written as 

 

 Graphene on Si Si alone 

                             

                                             

                                                   

 

    (2.20) 

 

where       is the transmission of the     pulse through graphene+Si (bare Si),   and   are 

the thin-film transmission and internal-reflection coefficients, respectively,     and     are the 

normal-incidence Fresnel coefficients (            ,            ) and    is the 

phase collected during one trip through the silicon substrate [see Fig. 2.6]. Using these, we 

can calculate the relative transmission for the     pulse (    corresponds to direct 

transmission), 
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  (2.21) 

 

In order to look at the     pulse, we simply cut it out from the pulse train and Fourier 

transform it. Fig. 2.21(a) shows transmitted THz pulses through Air, bare Si, and graphene+Si 

in the time domain. The initial pulse and first two reflections are highlighted (the third 

reflection can even be seen around 23ps). Fig 2.21(b-d) show the Fourier transforms of the 

first three transmitted pulses, with the pulse transmitted through Air as a reference. As we 

can see in Fig. 2.21, while the initial (   ) pulse is the strongest, the first reflection  

(   ) is still fairly strong but with a greater difference in the relative transmission. By the 

time we reach the second reflection (   ) our signal becomes too weak for successful 

imaging. 

 

 

Fig. 2.21. THz Pulse Train with Fourier Transforms. (a) THz pulse train transmitted through Si 
and graphene+Si with a pulse transmitted through air for a reference. (b-d) Fourier 

transforms of the initial pulse and first two reflections with an air reference. 

(a)

(b) (c) (d)m=1 m=2 m=3
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2.3.6 Statistical Analysis 

While our THz imaging was done with the first reflection (   ), we also performed 

many longer runs such as the one shown in Fig. 2.21(a) to allow us to compare the value of 

the conductivity obtained by looking at each transmitted pulse independently. Again, when 

viewed statistically, our spread of relative transmissions turned out to be Gaussian, so we 

will apply the same statistics to our TDS data that we used when looking at our power 

transmission data. The standard deviation for the relative transmission of the initial pulse 

and first two reflections was found to be 0.4484, 2.8882, and 28.951 percentage points, 

respectively. This indicates that the quality of data quickly falls off for the reflections and that 

while the first reflection may be ideal for imaging, the initial pulse is the best for a 

quantitative description of the properties of graphene. The values obtained for the sheet 

conductivity for graphene from our TDS data are summarized in Fig. 2.22. 

 

 

Fig. 2.22. Conductivity of Graphene: Various Methods. Relative transmission and conductivity 
values obtained for the initial pulse and first two reflections at various standard deviations 

from the average relative transmission. 
 

 

TGraphene/
TSilicon

# of 
Standard 

Deviations

σs
(10-3 Ω-1)

84.84% 2 2.10

85.29% 1 2.02

85.74% 0 1.95

86.19% 1 1.88

86.64% 2 1.81

Initial Pulse

TGraphene/
TSilicon

# of 
Standard 

Deviations

σs
(10-3 Ω-1)

41.21% 2 2.52

44.10% 1 2.35

46.99% 0 2.18

49.88% 1 2.02

52.77% 2 1.87

First Reflection

TGraphene/
TSilicon

# of 
Standard 

Deviations

σs
(10-3 Ω-1)

(-16.94%) 2 (6.43)

12.00% 1 3.22

40.96% 0 1.50

69.91% 1 0.62

98.86% 2 0.02

Second Reflection
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2.4 Experiment Comparisons 

It is also useful to compare our TDS data to the data we obtained via THz power 

transmission. When we do this, we again conclude that the initial transmitted THz pulse 

detected with TDS is the most consistent, although, reassuringly, all data sets fall within one 

standard deviation of the others. These results are summarized in Fig. 2.23. 

 

 

Fig. 2.23. Conductivity of Graphene Comparison. Average values and standard deviations for 
the conductivity of graphene obtained using data from THz power transmission and various 
pulses from THz-TDS. The dashed and dotted lines represent the first and second standard 

deviation of the data taken using the initial pulse mapped out with TDS. 
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2.5 Conclusion 

The work contained herein pertaining to graphene was published in Optics Express 

and presented at several conferences in 2011 [84-88]. While the ability to image and study 

the properties of graphene makes these experiments successful endeavors in their own right, 

it also opens the door to allow us to study a host of other materials with solid theoretical and 

experimental foundations. The most notable materials that we have studied since our work 

on graphene have been nickel-titanium thin-films [89-96] and vertically grown carbon 

nanotubes (CNTs). Nickel-titanium alloys are fascinating materials with great potential for 

many applications, but their experimental and theoretical treatment was similar to that of 

graphene and the project was led by Andy Jameson, so for further information I would 

recommend reading the article our group published along with the help of the group led by 

Dr. Koretsky [89] (this work was also presented at two conferences in 2011 [97-98]).  

Vertically grown CNTs are also a very interesting material and will be the topic of the 

next chapter. 
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3. Vertically Grown Carbon Nanotubes 

3.1 CNT Overview 

Like graphene, carbon nanotubes (CNTs) are an allotrope of carbon. They can be 

thought of as a sheet of graphene rolled up into a small tube. Despite these similarities to 

graphene, CNTs have very different properties from graphene, and the study of CNTs has 

essentially developed into its own field of science [99-114]. CNTs are one of the rare, 

primarily scientific, materials that have attained a sort of rock-star status; practically 

everyone has at least of heard of them. The reason for their celebrity is simple, CNTs are a 

fascinating material with endless potential applications that can spark the imagination of 

nearly anyone. Speaking in only the broadest terms, a recent review of CNT applications 

stated [115]: 

Many potential applications have been proposed for carbon nanotubes, 
including conductive and high-strength composites; energy storage and 
energy conversion devices; sensors; field emission displays and radiation 
sources; hydrogen storage media; and nanometer-sized semiconductor 
devices, probes, and interconnects. Some of these applications are now 
realized in products. Others are demonstrated in early to advanced devices, 
and one, hydrogen storage, is clouded by controversy. 
 

Volumes could be filled with all of the specific proposed uses of CNTs, and a quick internet 

search will yield many fascinating possibilities. But for now it is sufficient to state that the 

understanding of CNTs is of exceptional scientific and practical importance. 

3.2 Experimental Setup 

The basic experimental setup used to study CNTs is essentially the same as that used 

to study graphene. The main difference is that the study of our vertically grown CNTs 

required the ability to rotate the sample (vertically grown CNTs are often referred to as a 

CNT forest, see Fig. 3.1). 
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Fig. 3.1. Carbon Nanotube Forest. (a) Cartoon and (b) SEM image of vertically grown CNTs. 
The sample in (b) is approximately 20μm tall. 

 

Our THz pulse is linearly polarized and we needed to be able to alter the angle 

between the incoming THz pulse polarization and the CNT sample. To that end, we placed 

one of two rotational stages into our setup to be able to rotate our sample so that the CNTs 

were always perpendicular to the THz polarization (s-polarization) or so that a component of 

the CNT length fell parallel to the THz polarization (p-polarization) [Fig. 3.2]. We modified the 

THz-TDS setup in the same manner for these experiments. 

 

 

(a) (b)
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Fig. 3.2. Rotation Setup. THz power transmission setup with rotational stages used to rotate 
the sample with respect to the THz pulse polarization.  

 

3.2.1 s-Polarization 

We expected that s-polarization rotations would have a minimal effect on THz 

transmission, with the effects due primarily to the change in angle between the silicon 

substrate and the THz pulse. For these experiments we had five samples, a bare Si substrate, 

a Si substrate with the growth catalyst applied to it (hereafter referred to as the ‘Blank’), and 

vertically-grown CNT samples with CNT lengths of 20, 60 and 120μm *Fig. 3.3]. 

 

 

Fig. 3.3: SEM images of vertically-grown CNT forests. The nanotubes lengths are 
approximately (a) 20μm, (b) 60μm and (c) 120μm. 
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While the effects for the s-polarization experiments were not as striking as those we 

will see for p-polarization, you can see in Fig. 3.4 that the presence of the longer nanotubes 

does indeed flatten out the change in transmission as a function of the angle of incidence, 

which is likely due to the imperfect alignment of the nanotubes. Reassuringly, the presence 

of the growth catalyst has no noticeable effect upon the THz transmission through the 

‘Blank’ sample. We can therefore assert that any effects noted with nanotubes present are 

due to the CNTs themselves, and not from the presence of the catalyst. 

 

 

Fig. 3.4. THz Transmission vs. Angle: s-polarization. Transmitted THz pulse energy through 
various samples with a Si transmission calculation for comparison. Zero degrees corresponds 
to normal incidence and all data is for s-polarized light. The angular resolution is one degree. 
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3.2.2 p-Polarization 

While the s-polarization data may seem superfluous since it attempts to minimize 

any effects arising from the CNTs, it will be useful when we attempt to theoretically model 

the nanotubes in Sec. 3.3. The more striking data set is that for p-polarization, when we 

begin to align our CNTs with the THz polarization and attempt to unveil any absorption 

effects that arise. This data is summarized in Fig. 3.5. 

 

 

Fig. 3.5: THz Transmission vs. Angle: p-polarization. Transmitted THz pulse energy through 
various samples with a Si transmission calculation for comparison. Zero degrees corresponds 
to normal incidence and all data is for p-polarized light. The angular resolution is one degree. 

 

Here we can see that our silicon and blank sample approach the Brewster angle as 
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transmission for larger angles of incidence! This trend clearly shows that the nanotubes are 

having a strong effect on the THz pulse. 

3.3 Theoretical Modeling 

We have attempted to model the nanotubes in a manner similar to graphene, but 

due to their anisotropy and their angular dependence the analysis is a little more complex. If 

the incoming pulse is s-polarized [Fig. 3.6], then the analysis is quite simple. 

 

 

Fig. 3.6: THz Transmission Cartoon: s-polarization. s-polarized light transmitted through and 
reflected from an air/CNT interface. The s-polarized light only ‘sees’ the ordinary axis of the 

nanotubes. 
 

Since the incoming pulse and the CNTs are orthogonal, the light only encounters the 

ordinary axis of the sample (  ). As usual, we will assume that the permeability in all 

materials is equal to the vacuum permeability (          ). The reflection and 

transmission coefficients in this case will be identical to those from graphene, except now we 

have angular dependence. 
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 (3.2) 

 

All of the other    
  and    

  can be easily found. In theory, the s-polarization data can 

be used, in a straightforward manner, to find the index along the ordinary axis of our CNT 

sample, but it contains no information about the index along the extraordinary axis (we will 

see later on some practical issues that have caused this modeling to be less than 

straightforward). 

For p-polarization, however, the situation becomes more complex. Since our 

incoming E-field is now partially aligned along the CNT axis (z-axis), our transmitted pulse will 

be split along the ordinary and extraordinary axes of our uniaxial sample [Fig. 3.7]. 
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Fig. 3.7: THz Transmission Cartoon: p-polarization. p-polarized light transmission and 
reflection. When the pulse crosses the interface into a uniaxial material, it splits into ordinary 

and extraordinary rays. 
 

This added complication does not change the basic procedure used to find the 

transmission and reflection coefficients, but it does make things a little more difficult, so I 

believe it merits a closer look. We start by assuming that our fields are plane waves, 

              , and listing our boundary conditions   
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              (3.4) 
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along with Snell’s law 

 

                               (3.5) 

 

       

  
  

      

  
 

 
 

  
   (3.6) 

 

 

To proceed, we want to take eqn. 3.4 and get it in terms of the E-field. To that end, we will 

start with the Maxwell-Faraday equation, 

 

 
     

  

  
  (3.7) 

 

 

which leads us to 

 

           (3.8) 

 

 

Since we are dealing with an anisotropic medium, our wave vector is not orthogonal to our 

electric field, so we end up with 
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                 (3.9) 

 

which allows us to rewrite eqn. 3.4 in terms of the electric field: 

 

                       (3.10) 

 

From this we can obtain an expression for the reflection (or, if desired, the transmission) 

coefficient 

 

 
   

 
 

                         

                         
  (3.11) 

 

but this is unsatisfactory because we want to have everything in terms of the angle of 

incidence and the more physically significant indices of refraction,    and   . Combining 

eqns. 3.5 and 3.6 allows us to easily obtain an expression for    in terms of more desirable 

parameters, 

 

 
  

    
    

   
          

 

  
  

 

  
    (3.12) 

 

 

Next we’ll try and relate all of these angles to each other. To start, we’ll look at 
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          (3.13) 

 

which lets us relate the directions of our ordinary and extraordinary waves. Using this 

relation and the trig identity                                     allows us to find 

an expression for α 

 

 
                  

 

  
 

  
   

 

  
    

       

       (3.14) 

 

which is still not ideal because it is in terms of   . To fix that, we can use eqn. 3.12, Snell’s 

law, and the trig identity                       to find an expression for        , 

 

 
      

     
    

       

   
    

    
    

        

 (3.15) 

 

Putting this all together into eqn. 3.11 allows us to find an expression for the reflection 

coefficient at the air/CNT interface. Similar treatments will allow us to find all of the other 

uniaxial Fresnel coefficients [116]: 
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   (3.19) 

 

where          
  

 

  
       . 

From here, we can use a treatment very similar to the one we used to study our 

graphene sample. The only striking difference that we see so far is that we now must model 

our transmission as a function of incoming angle (both s- and p-polarized). There is, however, 

one more significant hurdle we must overcome to successfully model our THz transmission. 

Whereas the frequency response of our graphene was flat over the spectral region of 

interest, the carbon nanotubes actually have a more complicated frequency response       

[Fig. 3.8] 
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Fig. 3.8: Frequency response of vertically grown CNTs. All data is for normal 
incidence. Relative transmission is relative to the ‘Blank’ sample, which consists of the Si 

substrate coated with catalyst. A non-flat frequency response can be easily seen for the two 
longer nanotube samples. 

 
In order to account for this non-uniform frequency response, we must treat all 

indices of refraction as frequency-dependent. While this does not lead to any overbearing 

theoretical difficulties (you can simply use the treatment above for a given frequency and 

repeat the procedure until you have mapped out     ), in practice it has proven to be 

difficult to successfully extract the indices of refraction for the nanotubes. 

Even so, it may be worth taking a moment to look at some of the modeling that has 

been done thus far. To begin with, if we look at the uniaxial Fresnel coefficients (Eqns. 3.16-

3.19), we can see that they reduce to the standard homogenous Fresnel coefficients if we 

assume that          . This at least confirms that our sample must be anisotropic, as 
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the standard Fresnel coefficients cannot replicate the behavior seen in our transmission 

measurements (see Fig. 3.5). Next we’ll examine what happens when we attempt to model 

our CNT transmission using these uniaxial coefficients. For this modeling, we will assume two 

complex indices of refraction, one along the growth direction of the carbon nanotubes 

(          ) and one in the plane of the sample (           . To simplify our 

calculations, we will further assume that our system is dispersionless and that our THz pulse 

is tuned to 1THz. All data fitting has been done with data for the 120μm sample to 

accentuate the surprising, and sometimes non-physical, results obtained with this simple 

model. 

To begin with, we will invoke the Drude model, which will force       and       

[117]. If we place no bounds on the values of our indices, the best fit to our transmission 

data comes with negative indices within the plane of the sample, which leads to the 

nonphysical results of negative absorption and greater-than-unity reflection [Fig. 3.9]. 
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Fig. 3.9. CNT modeling: Drude model with no bounds. When the Drude model is 
invoked, the best fit to the experimental transmission data comes with negative indices 

along the plane of our sample. This leads to the unphysical results of negative absorption and 
greater-than-unity reflection.  

 

If we instead restrict our Drude model the more physical regime where all indices 

must be positive, we get a worse fit to our data and in-plane indices that are near zero [Fig. 

3.10]. 
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Fig. 3.10. CNT modeling: Drude model. Here we see the best fit to our data when the Drude 
model is invoked and the indices are restricted to being positive. 

 
 If we instead apply the full force of our model and remove the limits imposed upon 

our system by the Drude model, we end up with entirely different results. As we can see in 

Fig. 3.11, all of our indices are now less than unity, with the real component along the 

growth direction and the in-plane imaginary component being very nearly zero. 
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Fig. 3.11. CNT modeling: Non-Drude model. If we place no restrictions on our indices, our 
theory predicts less-than-unity indices for the real and imaginary components in both 

directions. 
 

It seems that our simple modeling of this system has left a lot to be desired. I am 

hesitant to claim that these results accurately model our system, and a more fundamental 

and thorough analysis is required before physical significance can be attached to any 

quantitative results. Fortunately, a colleague of mine, Nick Kuhta, along with his advisor Dr. 

Podolskiy, have been working with us to resolve these issues and arrive at a satisfactory 

physical explanation as to the cause of these surprising transmission trends. 
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3.4 Conclusion 

Suffice it to say, preliminary modeling of the THz transmission of our nanotubes has 

led to some surprising results. These simulations have predicted a much lower-than-

expected response from the nanotubes along their growth axis as well as within the x-y 

plane. Further modeling remains to be done (and is currently underway), and much thought 

needs to be given as to why such an unanticipated response from our nanotubes would 

occur, and why such an occurrence would lead to the trends that we have seen in our data. 

While the theoretical portions of these experiments are, unfortunately, still 

irresolute, I believe that the information gleaned from them will be of significant interest to 

those in the ever-expanding fields concerned with the growth and use of carbon nanotubes. 

The only thing more exciting than discovering the results you were after is discovering the 

unexpected! 
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4. Quantum Wells 

4.1 Overview 

Quantum wells (QWs) are a fascinating material system. The relative simplicity with 

which ideal QWs can be described makes them a perfect subject for introductory quantum 

mechanics courses. Their desirable material properties make them ideal for a host of 

applications, including uses in lasers, transistors, sensors and more [118-120]. They are also 

of great use in studying fundamental science, which is where our focus will lie [121-143]. 

4.1.1 Quantum Well: Description 

A QW is a potential well consisting of alternating layers of material used to confine 

particles (usually electrons and holes) to two dimensions. There are many materials which 

can be used to create QWs, the ones shown in Fig. 4.1 are gallium arsenide (GaAs) and 

aluminum gallium arsenide (AlGaAs), which are the materials we used for many of our QW 

studies. 
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Fig 4.1: Quantum Well Structure. This structure is used to confine electrons and holes within 
the 12nm GaAs layer. 

 

The QW sample we used consisted of ten layers of high-quality, undoped GaAs 

separated by 16nm wide Al0.3Ga0.7As barriers. This system constrains the electrons and holes 

within the 12nm GaAs layers where they can be manipulated and studied. 

Before we delve too deep into the experiments we have run, it is worth taking a 

moment to look at some of the nomenclature we will encounter along the way. Much of our 

work revolves around the creation and study of quasiparticles, the first of which we will see 

being the exciton.  

4.1.2 Excitons 

An exciton is created when a photon knocks an electron out of the valence band and 

into a higher energy, sub-conduction band. The hole that is left behind is positively charged 

and attracts the electron via a Coulomb force. The electron and hole are then bound 

together by this Coulomb force and form an exciton [Fig. 4.2].  

 

12nm

16nm
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Fig. 4.2: Formation of an exciton. (a) A photon dislodges an electron from the valence band 
into a higher energy band. (b) The positively charged hole left behind attracts the electron 
via a Coulomb force which creates a hydrogen-like quasiparticle. (c) Birds-eye view of the 

exciton. 
 

The exciton is a hydrogen-like quasiparticle, though the binding energy is much lower 

due to screening effects, and its size is therefore much larger. If we want to calculate the 

exciton binding energy, we can start with the two-particle Schrödinger equation [144], 

 
 

  
  

   
  

  
  

   
  

  
  

         
       

(4.1) 

 

where the subscript   refers to the electron and   refers to the hole,   is their position and 

           is the exciton envelope function. We then define the relative and center-of-

mass coordinate systems and separate the exciton envelope function into its constituent 

parts, 
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We are interested in the binding energy of the exciton which is described in the relative 

frame. We can then separate out the equation describing the relative motion of the exciton, 

which is referred to as the Wannier equation [144-145], 

 
 

  
  

   
  

  
  

   
               (4.5) 

 

This equation is mathematically equivalent to the Schrödinger equation for hydrogen, so its 

solution follows from the derivation of the Bohr formula and leads to a 1s binding energy of 

[146] 

 
 

     
   

 

        
 (4.6) 

 

or more simply 

 
 

    
 

  
 

  

  
   (4.7) 

 

where            is the ground state binding energy of hydrogen,         is the 

relative permittivity of our GaAs QW,    is the rest mass of an electron, and      

    
      

  is the reduced mass containing terms for the effective mass of the electron 

(  
         ) and the effective mass of the hole (  

        ) (We will see in a 

moment that defining the mass of the hole is somewhat ambiguous as there are four distinct 

hole masses we could choose. We have chosen here the in-plane heavy hole mass). 
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So far this treatment used to find the binding energy has not taken into account the 

confinement imposed upon the exciton by the QW itself. While the procedure used to 

calculate the shift in energy is somewhat complicated, the result is quite simple [147], 

 
 

   
   

   

        
  (4.8) 

 

where   is the principle quantum number. For our case (   ), we get a binding energy of 

 
 

    
 

  

  

  
   (4.9) 

 

which works out to be about 19meV. This value is for a truly two-dimensional system. Since a 

QW is actually a quasi-two-dimensional system, the actual binding energy turns out to be 

somewhere between our calculated value and that of a bulk sample (i.e. without the factor 

of four). In our case, the exciton binding energy is          . 

  To calculate the excitons size, we start with the equation for the excitonic Bohr 

radius of the lowest energy state [148] 

 
 

    
     

   
 

 (4.10) 

 

or more simply 

 
         

  

  
 (4.11) 

 

where           is the Bohr radius. Once again, when we take into account the QW 

confinement, we end up with a very simple relation to the bulk exciton radius [147], 
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  (4.12) 

 

Putting this all together yields a radius for our exciton of    
        , which is quite large 

when compared to the lattice constant for GaAs,                [149]. 

We have assumed thus far that the effective mass of a hole in GaAs is   
        . 

The situation becomes somewhat more complicated when the GaAs is quasi-two-

dimensional. For one, the confinement potential will cause an exciton to have a different 

effective mass depending on its direction of travel (we assume from here on that the QW is 

aligned along the z-axis). Further, the bulk GaAs valence band at     is degenerate [Fig. 

4.3]. The confinement potential acts to lift this degeneracy, leaving us with what are called 

heavy-holes (HH) and light-holes (LH). 

 

Fig. 4.3: Band Structure for Bulk GaAs. Here we see the band structure near     for the 
heavy and light holes in bulk GaAs with band gap energies at room and cryogenic 

temperatures [150]. 
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The hole dispersion can then be written as [151] 
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with the heavy- and light-hole masses 
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 (4.18) 

 

where        and        are the Luttinger parameters (which are used to characterize 

semiconductor valence bands) for GaAs. Our excitons are constrained to move in the        

plane, so    are the masses of primary interest. The wave number    refers to motion in the 

z-direction and is therefore quantized with respect to the width of the quantum well (in a 

similar fashion to the quantization of allowed energy levels within a laser cavity [see Sec. 

1.2.2]). Plugging in these values gives us our effective masses of   
          ,   

   

          
           and   

         . As we can see, the heavy hole has a much 
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larger effective mass along the  -direction but is actually about half as massive along the  -

direction, an effect known as “mass reversal” [151-152]. 

We should therefore expect to see two distinct exciton absorption lines 

corresponding to the light- and heavy holes [Fig. 4.4]. The energies at which these two 

absorption lines will occur depends on the dimensions of our QW, and the sharpness of these 

lines is an indication of the quality of the QW sample as unavoidable variations in QW 

thickness (        in our sample) will lead to a spread in the available resonant energies. 

 

Fig. 4.4: Band Structure for GaAs Quantum Well. Here we see the band structure near     
for the heavy and light holes in a GaAs QW. The confinement potential of the QW lifts the 

degeneracy of the holes.  
 

4.1.3 Dephasing 

One of our accomplishments involved calculating the dephasing time of the optically 

dark 2p state in our GaAs QW. Dephasing time can be thought of as the amount of time 

quantum coherence is sustained, or equivalently, the amount of time a particle maintains its 

quantum behavior.  
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4.1.4 Optically Dark States 

An optically dark state is one whose energy level cannot be reached by optical 

photons alone. In our case, quantum mechanical selection rules forbid the transition from 

the valence band to the 2p state. So, in order to access that state, an optical photon must 

first excite our electron into the 1s state, after which a THz photon must be used to push the 

electron into the 2p state [Fig. 4.5]. 

 

 

Fig. 4.5: Occupation of the optically dark 2p state. An optical photon excites an electron into 
the 1s state after which a THz photon is used to transfer it into the 2p state. A direct transfer 
from the valence band into the 2p state is forbidden by quantum mechanical selection rules. 
 

4.1.5 Rabi Oscillations 

The last topic I wish to touch on before getting into our experiments is Rabi 

oscillations. Rabi oscillations are a periodic population inversion caused by an electric field. 

We start by considering a two-level system which interacts with an incoming, single-

frequency, oscillating potential which couples the two energy levels. We write our potential 

as 
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  (4.19) 

 

and assume that our system is initially in its ground state, 

 

                         (4.20) 

 

We then find that the probability of being in either of our two states is [153] 

 

 

         
  

 

  
            

        
  

        

 
    (4.21) 

 

                     (4.22) 

 

where               is the systems resonance and        is referred to as the Rabi 

frequency. We notice that the probability of being in the upper state oscillates in time and 

that, if we can satisfy the system’s resonance (     ), that it oscillates at the Rabi 

frequency. Further, we see that there will be times when the population is completely 

inverted! Observing Rabi oscillations is a beautiful confirmation of quantum mechanics, as 

classical mechanics predicts that a two level system can never have an excited state with 

more than 50% of the population. It is worth noting that population inversion can happen 
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even if you are somewhat off resonance, although in this case the inversion will not be 

complete and the amount of inversion will depend on the incoming field strength. 

4.2 Experimental Design 

Our experimental setup is summarized in Fig. 4.6. A chirped laser pulse is split in two 

by a beam splitter, with the majority of the power going into the pump beam. The pump 

beam travels to the DFG setup where it is converted to two orthogonally polarized, 

temporally offset pulses which generate our multicycle THz pulse in the ZnTe crystal. The 

probe beam, meanwhile, travels through a pulse compressor to make it as short as possible, 

(to undo the chirping introduced within the amplifier), about 100fs. The two beams are then 

recombined within our QW sample with a relative time delay controlled by the delay track. 

The probe beam then travels on to the spectrometer, which provides us with our data. The 

shutter is used to compare the signal with and without THz interactions. 
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Fig. 4.6: Experimental setup for THz pump/optical probe QW experiments. 
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4.3 Experimental Details 

4.3.1 Rabi Oscillations 

Shown in Fig. 4.7, we can see the spectra of interest. Fig. 4.7(a) shows our 

unperturbed laser spectrum overlaid on top of a Gaussian fit. We can see in Fig. 4.7(b) that 

there are absorption lines from the LH and HH excitons (this figure is zoomed in around the 

peak of our spectrum). Further, we can see very strong modulations of this signal when a THz 

beam is introduced and allowed to interact with the excitons. 

 

 

Fig. 4.7: Quantum Well Laser Spectra. (a) Laser spectrum overlaid on a Gaussian fit. (b) Laser 
spectrum, zoomed in around the spectral peak, showing two strong exciton absorption lines. 

The modulation present with the addition of the THz beam is evident. 
 

We are now in a good position to talk about the specifics of some of our QW 

experiments. We used the THz pump/optical probe setup shown in Fig. 4.6 to study our QW 

system and elicit Rabi oscillations by tuning our multi-cycle THz pump beam to the 1s-2p 

transition frequency. The telltale sign of Rabi oscillations would be a splitting of the 1s 

resonances seen in our transmitted probe pulse [154]. We have the best chance of observing 

these Rabi sidebands if we tune our central THz frequency to the 1s-2p exciton transition 
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frequency of 1.75 THz, although we also want to scan far from resonance to monitor any 

changes in the transmitted spectra. Fig. 4.8(b-c) shows a THz pulse near resonance, both in 

the time domain and its power spectrum. 

 

 

Fig. 4.8: THz Pulse and QW Setup. (a) QW setup: The THz pump and optical probe are offset 
by a time   , which is varied in order to study the time evolution of the system. (b) THz pulse 

near the Rabi frequency, mapped out in the time domain and (c) it’s power spectrum. The 
pulse has its frequency peak at 1.86 THz. 

 

In order to characterize the THz-induced effects, we measured the optical 

transmission at several THz frequencies from 1.4-2.2 THz and a group lead by S.W. Koch 

modeled our system theoretically. While the details of the modeling lie outside the scope of 

this paper, it is worth noting that it was a microscopic, many-body calculation involving no 

input parameters from our experiment other than our THz pulse shape [155]. Our 

experiments matched up very well with the simulations [Fig. 4.9], and by comparing the 

experiments and simulations we were able to deduce that the dephasing constant for the 

optically dark 2p state (~1.5meV) is three times that of the 1s state. A dephasing constant of 

1.5 meV works out to be a dephasing time of just under a half picosecond. 
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Fig. 4.9: Quantum Well Experimental and Theoretical Summary. The gray shaded spectra are 
the control (no THz) while the black line indicates the modulated signal with THz fields 

present. (a) Experimental results of the (1-T) optical spectra for THz frequencies of 1.45, 1.68 
and 2.15 THz. The insets show the THz power spectra for each run with the vertical line 

indicating the 1s-2p resonance. (b) Simulation results for the experimental conditions in (a). 
All images are for a time delay of                       . The dephasing constant for 

the optically dark 2p state was found to be three times that of the 1s state. 
 

In Fig 4.9(a) we see data for experiments run at three THz frequencies. Well below 

(1.45 THz), near (1.68 THz) and well above (2.15 THz) the 1s-2p transition frequency. The 

insets show the actual THz power spectrum used for each experiment, with the vertical line 

indicating the Rabi frequency. When we are below resonance we can see that the spectral 

modulations are relatively weak while near resonance the effects become much stronger. 

The formation of a shoulder on the HH line (arrows in Fig. 4.9) indicates a splitting and is 
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strong evidence of Rabi oscillations. When we go well above resonance, the spectral effects 

are still quite strong due to higher-energy contributions from continuum states (see Fig. 4.5), 

but the splitting becomes washed out. We can see in Fig. 4.9(b) that the simulations match 

up very well with our experiments. A sharp splitting of the HH exciton line is not seen 

because of the fast dephasing time of the 2p state; the fast dephasing necessitates a broad 

range of energies. We can convince ourselves that these are indeed Rabi oscillations that we 

are seeing by running the same simulations in Fig. 4.9(b), but with the dephasing time 

artificially constrained to equal the 1s dephasing time. That simulation gives us the result 

seen in Fig. 4.10, where the Rabi splitting is more pronounced. 

 

 

Fig. 4.10: Quantum Well Simulated Spectra. Here we see the simulated spectra (1-T) for THz 
frequencies of (a) 1.45, (b) 1.68 and (c) 2.15 THz. The shaded areas represent spectra without 

THz pulses. The solid lines are the full simulations while the dashed lines represent the 
simulations with the 2p dephasing constant artificially reduced. 

 

4.3.2 Time Evolution 

It is also interesting to see how these THz induced effects evolve in time. To study 

the dynamics of these processes we vary the time delay between the THz pump and the 

optical probe beam,                 . Snapshots of the time evolution of the (1-T) 

spectrum can be seen in Fig. 4.11. The control (w/out THz) is in black and the modulated 
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spectrum with THz is shown in white (all time is in ps). Very strong spectral modulations can 

be seen around       

 

 

Fig. 4.11: Time Evolution of QW Spectral Lines. Here we see the time evolution of spectral 
lines with (white) and without (black) THz interaction. All time delays are in picoseconds. 

 

We can see very strong spectral broadening in the image above, but it is still difficult 

to discern whether these THz induced effects are symmetric in time or not. To that end, we 

can plot a surface comprised of all of the images making up this time evolution for both the 

signal (w/ THz) and the control (w/out THz). That is shown in Fig. 4.12. 
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Fig. 4.12: Time Evolution Surface Plot. Time evolution of (a) the control (without THz) and (b) 
signal (w/ THz). Very strong spectral broadening is evident in (b) during the interaction with 

the THz pulse, which has been plotted on top of the signal surface. The colorbar indicates the 
probe transmission. 

 

Another useful way to examine the data is to look at the differential transmission, or 

the signal (w/ THz) minus the control (w/out THz) [Fig. 4.13]. 

 

 

(a) (b)
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Fig. 4.13: Temporal evolution of the differential transmission (signal-control). Strong 
antisymmetric spectral and temporal modulations can be seen near       

 

There are a few interesting features of these figures worth noting. As I mentioned 

earlier, the antisymmetric spectral broadening (especially that in Fig. 4.9(a) at      

       ) indicates that the HH exciton absorption line is splitting, which is itself an 

indication that we are observing Rabi oscillations. The marked broadening of both absorption 

lines for high THz photon energies, shown most clearly in Fig. 4.12 and 4.13, is clear evidence 

that the THz radiation is able to facilitate transitions into higher exciton levels and into the 

conduction band. We also notice that these THz-induced effects are not symmetric in time. 

The reason for this is simple, at positive time delays the THz pulse reaches the QW ahead of 

the optical probe. As we can see from Fig. 4.5, an optical photon must excite the electron 

into the 1s exciton state before the THz photon can affect it. The energy of a THz photon is 
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simply too weak to have any noticeable effect on an electron in the valence band. We can 

also see a fanning out of the spectral modulations at negative time delays, from ~-5ps to      

~-3.5ps. This ~1.5ps time window shows the transient coherent nonlinearity of the exciton 

system induced by the THz pulses. We can watch as the spectral lines evolve from their 

unperturbed state into a quasi-steady-state in which the excitons are coherently driven 

between the 1s and 2p (and other) states. The length of this time window, ~1.5ps 

corresponds to the decoherence time of the 1s exciton state.  

4.4 Conclusions 

We have shown that the application of strong, narrowband THz pulses can drastically 

alter the optical response of our quantum well. The observation of Rabi sidebands has 

allowed us to calculate the dephasing constant of the optically dark 2p exciton state. The 

experimental setup we have developed will continue to be useful for many future 

experiments, and although the fast dephasing time of the 2p state has obscured the clear 

Rabi splitting we were hoping to observe, our research shows promising effects that will 

hopefully lead to varied and far-reaching applications. This work has been published in 

several articles and presented at several conferences [156-165]. 
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5. Microcavity Quantum Well 

5.1 Overview 

Another fascinating material system that we have studied is a microcavity quantum 

well. This is essentially just a quantum well, similar to the one discussed in the previous 

section, but now it lies within a cavity formed by distributed Bragg reflectors (DBRs), which 

are, in essence, high quality mirrors [166-175]. Essentially, this microcavity functions in the 

same manner as the laser cavities discussed in Sec. 1.2, allowing certain frequencies of light 

to form standing waves. The quantum well is placed at the antinode of these waves and the 

light-matter interaction is then studied [Fig. 5.1]. 

 

 

Fig. 5.1: Microcavity Quantum Well. Distributed Bragg reflectors create a cavity in which 
standing waves form and interact with the quantum well. The wavelength of these waves can 

be adjusting by changing where the laser hits the microcavity structure. 
 

5.1.1 Cavity Detuning 

As shown (and greatly exaggerated) in Fig. 5.1, the DBRs in our sample are tilted with 

respect to one another. This allows us to continually adjust the wavelength, and therefore 

the photonic energy, of the standing waves formed within the cavity. To measure these 

adjustments, we speak of the cavity detuning ( ), which refers to the energy difference 

between the cavity and 1s exciton resonance within the QW sample. 
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A couple of natural questions that arise are why is this sample interesting? and what 

should we expect to see from this sample? To address the first question, due to the 

confinement of light within the cavity, light-matter interactions are quite strong and exotic 

new quasi-particles can be created and studied. Further, semiconductor structures have 

been of great practical interest, so their study will hopefully continue to lead to exciting new 

applications in the future [176-179]. As for what we should expect to see in our studies, the 

data will be reminiscent of our bare QW studies, but for different reasons. If our QW has a 

sharp exciton resonance and the microcavity provides a sharp empty-cavity line, then we 

expect to see two dips in the reflected optical spectrum [180]. This may seem natural 

enough, since you might expect to see each resonance independently, but even if the two 

resonances are tuned so that their resonant frequencies are the same, two dips in the 

reflectance (one on each side of the resonance) will be seen. This is a quantum mechanical 

effect that shows that the two states are coupled, and is referred to as excitonic normal-

mode coupling (NMC).  

If we look at a graph of the cavity detuning verses the spectral position of the dips in 

the optical reflectance, we can see this effect [Fig. 5.2]. If the photon and exciton were not 

coupled, we would expect to see dips in their transmission to cross at zero detuning. What 

we actually see is the anticrossing behavior of the lower and higher exciton-polariton modes 

(LEP and HEP, respectively). 
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Fig. 5.2: Exciton-Polariton Anticrossing. The exciton-polariton modes exhibit the anticrossing 
behavior expected for a coupled system. The thin straight lines represent the expected 

behavior for uncoupled photons and excitons, the thick curved lines represent the observed 
behavior of the lower and higher exciton-polariton modes. 

 

5.2 Experimental Setup 

To confirm the actual behavior of our microcavity quantum well system, we used a setup 

similar to that used in our QW experiments, with two key modifications. Whereas our bare 

QW was comprised of GaAs with AlGaAs barriers, our microcavity QW was made of InGaAs 

with GaAs barriers. Since the band gap energy of InGaAs is less than that of GaAs, we had to 

use a lower energy/higher wavelength optical probe. We needed to shift the wavelength of 

the probe beam from 800nm to 830nm while maintaining the pump beam at 800nm (for 

optimized THz generation in ZnTe). To accomplish this, we focused our compressed probe 

beam onto a sapphire crystal which acted as a white-light source which we then sent through 

an 830nm band-pass filter. The second modification was that, due to the nature of our 

sample, we needed to use a reflection geometry. While this led to considerable practical 

difficulty, it did little to change the experimental procedure. The modified setup is 

summarized in Fig. 5.3. 
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Fig. 5.3: Microcavity Quantum Well Setup. Here we see the microcavity QW setup with 
optical frequency conversion to 830nm for the probe beam. Frequency conversion was 

accomplished using a sapphire crystal to generate white light and an 830nm band-pass filter. 
Due to the sample design, a reflection geometry was used. 

 

5.3 Cavity Detuning and Anticrossing 

In order to see the anticrossing behavior discussed previously, we scanned our probe 

beam over the length of the QW (see Fig. 5.1) while at cryogenic temperatures (~4.2K). At 

each position, we took a picture of the reflected optical spectrum in order to track the 

position of the LEP and HEP reflection dips [Fig. 5.4]. The cavity detuning,  , measures the 

difference between the photon energy and the exciton absorption energy. If the photon and 

exciton states were not coupled, then we would expect to see these lines cross at    , 
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which is obviously not the case. In Fig. 5.4, the white lines are quadratic fits of the positions 

of the reflection dips. 

 

Fig. 5.4: Anticrossing Behavior. Reflection spectra for the LEP and HEP exciton-polariton lines 
at various cavity detunings. Cavity detuning refers to the difference in energy between the 

cavity photon resonance and the exciton resonance. The anticrossing behavior expected for a 
coupled system is evident. The white lines are quadratic fits to the positions of the LEP and 
HEP reflection dips. The x-axis here is the photon energy minus the energy of the 1s exciton 

state. 
 

We can see in Fig. 5.4 that there seems to be some sort of discontinuity at the cavity 

detuning of about 1.5eV. In order to investigate this further, we can look at a surface plot of 

all of our scans to see a smoother unfolding of the detuning behavior [Fig. 5.5]. We do indeed 

see a discontinuity at around 1eV, which is an indication that our sample has an imperfection 

in its construction. Aside from that minor issue, we can still clearly see the anticrossing 

behavior we expected.  
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Fig. 5.5: Anticrossing Surface Plot. Anticrossing of the LEP and HEP exciton-polariton lines. 

 

5.4 THz Interactions 

So far, our discussion has focused entirely on the interaction of the microcavity QW 

with the optical probe beam. We now wish to investigate what happens when a THz pulse is 

introduced into the situation. A THz pulse can only interact with the excitonic component of 

the exciton-polaritons (the width of the QW alone determines the photon resonance), so it is 

interesting to ask what kind of modulations in the signal we should expect to see. Should we 

expect the THz interactions to be resonant at intraexcitonic transitions, as was the case for 

our bare QW? Or, should we expect the THz pulse to resonate with the polariton-to-exciton 

transitions? Will the THz field induce transitions between the two polariton levels? 
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5.4.1 Intraexcitonic Transitions 

Before we answer these questions, we’ll take a moment to discuss what the relevant 

signatures of each scenario might be. We performed time resolved measurements to study 

the reflected spectrum of our microcavity QW as the time delay between our THz pump and 

optical probe beams were varied. What sort of spectral modulations might we expect to see? 

If the THz pulses do indeed interact resonantly with the intraexcitonic transitions, as they did 

for the bare QW, then we would expect to see strong modulations in both the LEP and HEP 

reflection dips when we tune our THz pulse energy to match the 1s-2p transition, which 

corresponds to a pulse frequency of            . That situation is summarized in Fig. 5.6. 

 

 

Fig. 5.6: Intraexcitonic Transitions. (a) Cavity detuning vs. reflection dip position for the LEP 
and HEP modes. (b) In this scenario, the THz radiation tuned to the 1s-2p transition couples 

the 1s and 2p exciton polaritons. Since the 1s mode is coupled to the cavity mode, its further 
coupling to the 2p mode induces spectral modulations of the LEP and HEP exciton-polariton 
modes. If this scenario is correct, then tuning a THz pulse to the 1s-2p transition frequency 

should result in strong modulation of both the LEP and HEP exciton-polariton modes. 
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5.4.2 Three Level Λ System 

In the competing scenario, the THz pulse couples the LEP and HEP polariton modes 

to the 2p exciton level and forms what is known as a three-level Λ system (because a diagram 

of the energy transitions looks like the letter Λ). In this scenario, we would expect to be able 

to strongly modulate either the LEP or HEP reflection dip while leaving the other one more or 

less alone. For example, if we were to tune the THz pulse to             , which is the 

HEP-2p resonance, we would expect to strongly modulate the HEP resonance while 

conversely, if we tuned our pulse to             , the LEP-2p resonance, we would 

expect it to undergo strong modulations. In either case, our THz pulse should be far enough 

off of resonance for the other reflection dip that it should experience minimal effects. This 

scenario is summarized in Fig. 5.7. 

 

 

Fig. 5.7: Three Level Λ System. (a) Cavity detuning vs. reflection dip position for the LEP and 
HEP modes. (b) In this scenario, the THz radiation couples directly to the LEP or HEP-2p 

transition. We would therefore expect to either strongly modulate the LEP-2p or the HEP-2p 
resonance by tuning our THz pulse, but not both. In this figure, the THz pulse is presumed to 

be tuned to the LEP-2p transition. 
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5.4.3 Polariton Coupling 

Finally, what should we expect to see if the THz field couples the LEP and HEP states? 

The resonance between the LEP and HEP states is                , so if we tune our THz 

pulse near there, we should expect strong modulation of both the LEP and HEP states. This 

transition, however, violates parity conservation and according to quantum mechanics 

should be forbidden [181]. However, it is still worth investigating since a semi-classical 

analysis has predicted huge enhancement of the nonlinear polariton response under these 

conditions [182]. This scenario is summarized in Fig. 5.8. 

 

 

Fig. 5.8: Polariton Coupling. (a) Cavity detuning vs. reflection dip position for the LEP and HEP 
modes. (b) In this scenario, the THz radiation couples directly to the LEP-HEP transition. We 
would therefore expect a pulse tuned to             to have a strong effect on both the 

LEP and HEP states. 
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5.5 Time Resolved Measurements 

To resolve these quandaries, we performed time-resolved experiments with THz 

pulses at various frequencies with various cavity detunings. To answer the first question 

regarding intraexcitonic verse exciton-polariton-2p coupling, we will focus our attention on 

three THz frequencies/cavity detunings which are ideal for addressing this situation. The 

three pulses used for these experiments, along with their frequency spectra, are shown in 

Fig. 5.9. 

 

 

Fig. 5.9: THz Pulses. (a) THz pulses we will be discussing and (b) their frequency spectra. The 
peak frequencies of these pulses match up well with the HEP-2p (1.1THz), 1s-2p (1.9THz) and 

LEP-2p (2.4THz) exciton transitions. 
 

These three pulses were chosen because the first,            , is resonant with 

the HEP-2p transition, while the second,            , is nearly resonant with the 1s-2p 
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transition (             ), and the third,            , is nearly resonant with the LEP-

2p transition (              ). If the first scenario presented above is correct, and the 

THz pulse interacts with the intraexcitonic transitions (1s-2p), then we would expect the 

second pulse to have a very strong effect on both the LEP and HEP reflection dips. Further, 

modulation of one resonance should be impossible without affecting the other. If, however, 

the second scenario wins out and the THz couples the LEP or the HEP state to the 2p state, 

we should see strong modulation of the HEP reflection dip for the first pulse and strong 

modulation of the LEP reflection dip for the third pulse.  

As we can see in Fig. 5.10, the second scenario clearly wins out. The first pulse, which 

is resonant with the HEP-2p transition, strongly modulates the HEP reflection dip while the 

interaction with the LEP line is much weaker. The second pulse, while it does modulate both 

lines, has a relatively weak and symmetric effect. The THz pulse has the effect of pushing the 

lines apart, which indicates that it is predominately an AC Stark effect [183]. The third pulse 

is able to nearly completely extinguish the LEP line while the modulation of the HEP line is 

relatively weak (we should expect some modulation of the HEP line due to the existence of 

higher energy continuum states). Note that Fig. 5.10(c) appears offset from (a) and (b) 

because it was done at a different cavity detuning. 
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Fig. 5.10: Experimental Summary Snapshots. Black lines represent unperturbed spectra, 
while white lines represent spectra with the interaction of a THz pulse with zero delay time 
(              ). (a) With our cavity detuning set near zero (           ), a THz 

pulse with frequency             is resonant with the HEP-2p transition. Strong 
modulation of the HEP line is seen, while the changes in the LEP line are much weaker. (b) 

With the same near-zero cavity detuning as in (a), a THz pulse with frequency      
       is nearly resonant with the intraexcitonic 1s-2p transition. Modulations of both the 

LEP and HEP lines can be seen, but are relatively weak and symmetric. The LEP and HEP 
modes are pushed apart by the THz field, which indicates that the nonlinear effects are 

dominated by an AC Stark shift. (c) With a cavity detuning of           , a THz pulse with 
frequency             is nearly resonant with the LEP-2p transition. The LEP mode is 

nearly completely extinguished while the HEP modulations are considerably weaker. 
 

We once again wish to look at the temporal evolution of the THz-induced effects. To 

begin with, we’ll take a look at the case where our THz pulse is tuned near the 1s-2p 

transition,             [Fig. 5.11]. We can see that there are indeed effects arising from 

the THz interactions, but as we saw in Fig. 5.10, the relatively weak effect is for the THz pulse 
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to push apart the LEP and HEP lines, which indicates that we are not seeing a coupling of the 

1s and 2p states, but instead an AC Stark shift. 

 

 

Fig. 5.11: Time Evolution with AC Stark Shift. Temporal evolution of the LEP and HEP lines in 
the presence of a THz pulse (           ) tuned near the 1s-2p transition (       

      ). The symmetric repulsion of the LEP and HEP lines during the THz interaction 
suggests that the primary nonlinear effect induced by the THz pulse is an AC Stark shift. 

 
We now wish to look at the time evolution of the system under the influence of THz 

pulses tuned to the LEP-2p and HEP-2p transitions. In Fig. 5.12 we can see the relatively 

strong modulation of the HEP resonance, while the LEP resonance is nearly unaffected by the 

THz pulse. 
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Fig. 5.12: Time Evolution of the HEP-2p Transition. A THz pulse resonant with the 
HEP-2p transition strongly modulates the HEP absorption line while the LEP line is nearly 

unaffected. This spectral asymmetry suggests that the LEP, HEP and 2p states do indeed form 
a three level Λ system. 

 
 A detailed theoretical analysis (again, outside of the scope of this paper) supports 

our inference that these three states do indeed constitute a three level Λ system. In Fig. 5.13, 

we can see good agreement between our experimental results and the theoretical model. 

When the THz pulse is tuned to the HEP-2p transition, the HEP line is strongly modulated 

while the LEP line is virtually unaffected. 
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Fig. 5.13: Experiment vs. Simulation of HEP-2p Transition. (a) Experimental and (b) 
theoretical results for the interaction of a THz pulse tuned to the HEP-2p resonance 

(           ). Strong modulation of the HEP line is seen while the LEP line undergoes 
minor changes. The experiment is consistent with the theory, which is based on a three level 

Λ system. 
 

We can see the time evolution of the opposite effect when we look at the spectral 

modulations caused by a THz pulse tuned near the LEP-2p resonance,             [Fig. 

5.14]. This time the LEP line undergoes radical changes while the HEP line is more 

moderately affected (we can understand the modulation of the HEP line because higher 

energy states, above the 2p energy, are available for transitions).  
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Fig. 5.14: Time Evolution of LEP-2p Transition. A THz pulse nearly resonant with the 
LEP-2p transition nearly extinguishes the LEP resonance while the effects seen on the HEP 

line are weaker. The modulation of the HEP line is expected as we are not dealing with a truly 
two-level system and higher energy transitions are available. 

 
Again, we can see good agreement between experiment and theory [Fig. 5.15], all of 

which indicates that we are indeed viewing a three level Λ system. 

 

 

Fig. 5.15: Experiment vs. Simulation of the LEP-2p Transition. (a) Experiment and (b) 
theoretical results for the interaction of a THz pulse tuned near the LEP-2p resonance 

(                          ). A near extinction of the LEP line is seen while far 

weaker effects are seen for the HEP line. 
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Finally, we need to address the question of whether the THz interaction can couple 

the LEP and HEP modes to one another. To answer this, we used a pulse tuned near the LEP-

HEP resonance,                , shown in Fig. 5.16. 

 

 

Fig. 5.16: THz Pulse tuned near the LEP-HEP Transition. (a) Time domain image and (b) 
frequency spectrum of a pulse tuned near the LEP-HEP transition frequency (         

                  ). 
 

If the LEP and HEP states are indeed coupled by the THz field, then we would expect 

strong modulations of both lines in the presence of our pulse. Instead, we see only a weak 

modulation of the HEP line, which is not unexpected since the transition frequency is still 

relatively close to the HEP-2p resonance of                (and you can see, in Fig. 5.16, 

that our pulse does have some frequency components around 1.1THz) [Fig. 5.17]. 
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Fig. 5.17: Time Evolution of Spectrum. Here we see the temporal evolution of LEP and HEP 
lines in the presence of a THz field tuned near the LEP-HEP transition (         

                  ). We see only a weak modulation of the HEP line, which indicates 
that LEP-HEP transitions are indeed forbidden. 

 

From this we conclude, as predicted by a full quantum mechanical treatment, that 

the LEP-HEP coupling is indeed forbidden within this system as it violates parity conservation. 

It is also worth noting the temporal asymmetry in the THz-induced effects. It is most 

evident if Fig. 5.15, but can be seen for all of the pulses. The THz-induced effects are much 

stronger for negative time delays, which is actually to be expected. For the THz pulse to have 

any effect on an exciton, the exciton must exist while the THz pulse is interacting with the 

QW structure. Therefore, we should expect to see stronger effects if the optical probe 

interacts with the QW sample just prior to the peak in the THz field amplitude. If the THz 

pulse arrives first, much of its power is wasted since there are no excitons yet available. 
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5.6 Conclusions 

We have shown that our system does not support the premise of intraexcitonic 

resonances within a QW microcavity. We have also shown that LEP-HEP transitions are 

indeed forbidden. Instead of these transitions, the LEP-2p and HEP-2p resonances form a 

three level Λ system in an optically excited QW microcavity. Our observations open up new 

possibilities for the coherent control of quantum states in semiconductors using ultrafast THz 

pulses [184]. This work has been presented at two conferences [185-186] and is currently 

being reviewed for publication. 
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6. Conclusion 

During my graduate research at Oregon State University, I have participated in a 

wide variety of experiments focused around THz science. The research group I belong to, led 

by Dr. Yun-Shik Lee, has developed novel ways to generate and use THz pulses to advance 

this burgeoning field as well as related fields such as semiconductor science and other 

materials research. 

We have developed a compact, tabletop setup capable of generating strong, 

narrowband THz pulses that are continuously tunable over a wide THz range. This setup, 

using the principle of type-II difference-frequency generation, has proved invaluable for 

studies within our lab. Its elegant simplicity and the ease with which it is tuned make it ideal 

for a wide range of THz research. 

Our group has also used strong, single cycle THz pulses to image and investigate the 

material properties of graphene. While a graphene monolayer is only one atomic layer thick, 

we were able to successfully image it with excellent contrast via raster scans of our focused 

THz pulses. The image resolution was limited only by our THz beam focus and high-resolution 

imaging was able to clearly elucidate the edge of our graphene sample. Further, we were 

able to model the THz transmission through the graphene using thin-film Fresnel coefficients 

and the Drude model. This modeling allowed us to extract the sheet conductivity/resistivity 

of our graphene sample. While this information can also be garnered via simpler probe-

based methods, our transmission method has a few noteworthy advantages. Namely, our 

method is completely contactless and therefore non-damaging to the sample. It is also 

immune to errors arising from local defects within the sample, and could easily be used to 
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study a sample that is encased within certain materials without needing to remove the 

sample or damage the casing. 

Similar studies were performed to investigate the properties of vertically grown 

carbon nanotubes. The major experimental difference between the graphene and nanotube 

studies was the addition of angular dependence for the nanotubes experiments. The 

theoretical modeling was similar, except that the uniaxial structure of the nanotubes made 

the derivation of the Fresnel coefficients significantly more challenging. While our modeling 

of the CNT transmission is still underway, the apparent low response along the growth axis is 

an exciting and unexpected result that will hopefully lead to an enhanced understanding of 

the properties of our nanotubes. 

We also performed time-resolved measurements to study the THz response of 

excitonic resonances within GaAs/AlGaAs quantum wells. These experiments allowed us to 

observe Rabi oscillations between the excitonic 1s and 2p states within our quantum well 

sample. We were also able, with the help from the theoretical backing provided by the group 

led by S.W. Koch, to calculate the dephasing time of the optically dark 2p state.  

Finally, our studies of an InGaAs/GaAs quantum well enclosed within a microcavity 

allowed us to demonstrate that the lower and higher exciton polariton states, along with the 

2p state, form a three level Λ system within our sample. These time-resolved, detuning-

dependant studies allowed us to rule out the competing scenarios of 1s-2p coupling as well 

as the quantum-mechanically forbidden direct lower-higher exciton polariton state coupling. 

The future of THz science is bright and full of as-yet unexplored possibilities. The 

research performed herein will lay a solid foundation for a plethora of THz experiments for 

years to come.  
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