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ABSTRACT 

The main objective of this work is achieving efficient electromagnetic radiation in 

terahertz (THz) frequency region by utilizing semiconductor nanowires due to advantages 

attributed to their one-dimensional structure, and also studying materials properties by adopting 

ultrafast THz time-domain spectroscopy (THz-TDS). In order to achieve stronger THz emission 

from semiconductor nanowires, we suggest a novel approach for preparing the nanowires such 

that we fabricate the wires from top to bottom by utilizing nanofabrication methods as opposed 

to growing them with bottom-up approach via conventional growth methods. Most common 

methods for generation and detection of THz pulses are explained along with the design of THz-

TDS technique used in this research. Using THz-TDS measurement results, important materials 

properties can be extracted through some calculation methods which were addressed in this 

work. Upon analysis of these extracted properties, a material can be designated as a candidate for 

optoelectronic devices, photovoltaics, or even generation of THz radiation.  

Since it is crucial to have excellent-vertically aligned NWs with perfectly uniform 

distribution for enhanced THz emission, we fabricate InP and InGaAs NWs by top-down 

nanofabrication process that utilizes electron-beam lithography followed by reactive ion etching. 

Unbiased THz emission from fabricated InP and InGaAs NWs are compared, and furthermore, 

an interdigitated electrodes pattern is designed and fabricated along with InGaAs NWs in 

between the electrodes in order to investigate the enhancement of THz emission from nanowires  
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under a DC bias field. To the best of our knowledge, this is the very first demonstration of THz 

emission from fabricated NWs under a bias voltage, and significant enhancement is achieved 

with the increasing bias voltage.  
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1. INTRODUCTION 

Electromagnetic (EM) radiation covers a large spectrum from radio waves to gamma rays 

most of which have been extensively studied and technologically developed. For example, many 

sophisticated devices such as televisions, cell phones, laptop computers, and lasers are the 

products of the comprehensive studies on these spectra. However, there is a particular frequency 

range between microwaves and far-infrared which has been less studied and developed. This 

region that lies between 3 mm and 30 µm is called terahertz (THz) band. THz spectrum covers a 

frequency range from 0.1 THz up to 10 THz which corresponds to photon energy from 0.4 meV 

to 40 meV (Figure 1.1). Since the frequency of THz radiation is higher than microwave, 

conventional microwave techniques are not applicable to generate and detect THz radiation. On 

the other hand, there is no natural material with a bandgap corresponding to THz photon energy. 

Therefore, it is not possible to generate THz radiation solely by RF sources or electron transition 

between different energy states, which is the reason why THz spectrum has not been 

comprehensively explored until two decades ago.  

After the first demonstrations of picosecond optoelectronic switching [1-3], first prototype of a 

THz pulse emitter and detector was developed in late 1980s [4, 5]. Since then, upon development 

of Ti:Sapphire femtosecond laser [6], developing THz sources and THz research have expanded 

exponentially, and THz technology has become realistic for potential applications in 

microelectronics, agriculture, medicine, forensic science, homeland security, and many other 

fields [7-10]. 
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Figure 1.1 THz band is located between infrared rays and microwaves in the electromagnetic 

spectrum. 

 

THz radiation have managed to constantly attract attention from researchers for its 

exceptional characteristics; for instance, due to the low photon energy in this frequency regime, 

THz waves are non-ionizing and are able to non-destructively penetrate various non-conductive 

materials (e.g. clothing, papers, ceramics, and plastics), and therefore, useful to study the 

spectroscopic response of both these materials and also the objects hidden behind these materials 

[11, 12]. Also, THz waves can be utilized for successfully sensing of organic compounds since 

the vibrational modes of various molecules (e.g. proteins, other biological macromolecules, and 

even explosive compounds) fall in the THz frequency region [13, 14]. Figure 1.2 shows unique 

fingerprints of various explosives and related compounds in THz spectrum. By examining these 

specific spectral features they obtain in THz frequency range, it is possible to identify these 

explosives and also explosive devices consisting of the related explosive compounds. 
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Figure 1.2 Absorption spectra of explosives and related compounds in THz frequency region 

with their unique spectral features which allow them to be identified [14]. © [2010] Springer 

With this non-destructive approach of THz waves, objects and materials can be examined 

without disturbing their structural features and their ambience which becomes crucial for quality 

control, inspection of materialôs integrity, reliability, and defects, e.g., for aeronautics industry, 

and medical probing, e.g., tumor detection. There are two modes available for THz technology: 

continuous-wave and time-domain modes. A continuous THz wave corresponds to a single 

frequency while a pulsed THz wave (time-domain mode) corresponds to a broad band in 

frequency domain. Depends on what kind of defect or feature is to be detected, one can use 

either continuous or pulsed THz waves. For instance, if the defect is a morphological feature, it 

can be efficiently detected by a single frequency source; therefore, a continuous-wave THz 
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system. On the other hand, if the feature of interest that makes detection possible is a chemical 

feature resulting in fingerprints in frequency domain which requires a broadband spectral 

information as it is -for instance- in the detection of explosives, then a pulsed THz wave is a 

better choice since it covers a region in frequency domain instead of a single frequency value.      

The spectroscopic tool in THz frequency region that enables non-destructive probing is 

called THz time-domain spectroscopy (THz-TDS), which measures the time varying THz 

electric field either transmitted through or reflected from the material of interest. The measured 

time-domain data can later be transformed into frequency-domain by applying Fast Fourier 

Transform (FFT) whose output will have information of both amplitude and phase. THz-TDS is 

used in transmission geometry during this study, so we can model the optical path of the THz 

pulse propagating through substrate only and substrate with sample of interest as in Figure 1.3. 

 

Figure 1.3 Optical path of THz pulse in THz-TDS in transmission geometry. Ὁ‫  is the incident 

THz field, and Ὁ ‫  and Ὁ ‫  are the THz fields transmitted through (a) substrate 

only and (b) substrate with sample of interest, respectively. d is the thickness of the sample. 
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Ὁ‫  is the incident THz radiation field whereas Ὁ ‫  and Ὁ ‫  are the 

THz fields transmitted through bare substrate (Figure 1.3(a)) and substrate with sample (Figure 

1.3(b)), respectively, and given by: 

 Ὁ ‫ ὸ ‫ÅØÐὭ‫Ὠὧϳ Ὁ‫  (1.1) 

 

 
Ὁ ‫

ὸ ὸÅØÐὭ‫ὲὨὧϳ Ὁ‫

ρ ὶὶÅØÐςὭ‫ὲὨὧϳ
 (1.2) 

where Ὠ is the thickness of the sample, ὧ is the speed of the light in vacuum, ὶ  and ὶ  are the 

Fresnel reflection coefficients within the sample, given by ὶ ρ ὸ  and ὶ ὸ ρ, and 

ὸ , ὸ , and ὸ  are the Fresnel transmission coefficients of the THz fields transmitted through 

air-substrate, air-sample, and sample-substrate, respectively, given by ὸ ςȾρ ὲ , 

ὸ ςȾρ ὲ, and ὸ ςὲȾὲ ὲ , and ὲ and ὲ are the refractive indices of the 

substrate and the sample, respectively. 

The complex transmission coefficient Ὕ‫  is the ratio of the sample signal Ὁ ‫  

to reference signal Ὁ ‫ , can be written as: 

 
Ὕ‫

Ὁ ‫

Ὁ ‫

ςὲὲ ρÅØÐ Ὥ‫ὲ ρὨȾὧ

ὲ ρ ὲ ὲ   ὲ ρ ὲ ὲ ÅØÐ ςὭ‫ὲὨȾὧ
 (1.3) 

After going through a numerical iteration process by using Equation (1.3), the frequency 

dependent complex refractive index, ὲ, for the sample of interest can be extracted [15-17]. If the 

sample is not in a bulk structure, but a composite with dimensions much smaller than the 

radiation wavelength, e.g., air and an array of nanowires, the obtained refractive index 

corresponds to that of the composite, NWs surrounded by air, instead of only the wires. 
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Therefore, Bruggeman effective medium theory should be taken into account in order to isolate 

materials properties related only with the nanowires [18]: 

 
‭

‭Ὢρ ‭ Ὢ ρ ρ ‭

Ὢρ ‭ Ὢ ρ ρ ‭
 (1.4) 

where ‭ is the permittivity of the nanowires, Ὢ is the volume ratio of NWs to the whole 

composite, and ‭ is the permittivity of the composite which can be calculated by using the 

relation ‭ǿ‫ ὲ and the refractive index, ὲ, extracted from Equation (1.3). Once the 

refractive index of the material of interest is obtained, frequency dependent complex 

conductivity can be determined by: 

 
„‫ Ὥ‫‭ ὲ‫ ‭  (1.5) 

where ‭ is the free space permittivity, and ‭  is the low frequency dielectric constant. 

Moreover, important carrier dynamics parameters such as carrier lifetime, carrier concentration, 

and mobility can be determined by fitting Drude-Smith model to the obtained conductivity [19]: 

 
„‫

†‫‭

ρ Ὥ†‫
ρ

ὧ

ρ Ὥ†‫
 (1.6) 

where ‫  is the plasma frequency, † is the relaxation time, and c is the back scattering parameter 

that describes the persistence of velocity after a number of scattering events which is assumed to 

be only one scattering for simplicity. Depending on the conductivity profile of the material, i.e., 

its maximum value is at 0 Hz, it might be sufficient using simple-Drude model which is same as 

Equation (1.6) when ὧ π.  
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Since various interesting materials have unique characteristic responses to THz radiation, 

researchers have investigated their potentials for applications in photonics and optoelectronics. 

For instance, comprehensive studies on high resistivity silicon, doped silicon, n-type and p-type 

bulk GaAs, InP, InGaAs, GaN, and ZnO have been conducted on THz-TDS [20-29]. Moreover, 

THz-TDS measurements can be carried out in modified conditions such as at varying 

temperatures. Temperature dependent THz-TDS technique can be used by heating the sample 

above room temperature while performing THz scans if one is interested in studying the 

temperature dependence of some materials properties such as carrier concentration. Another 

modified mode for THz-TDS measurements is the bending mode in which a sample holder with 

a designed curvature is utilized in order to explore the electrical properties of a sample with a 

non-destructive manner even when it is bended.  

When the material goes from bulk to nanostructured state such as nanowires (NWs), the 

carrier dynamics will potentially enhance due to quantum confinement, and the unique properties 

of photoexcited carriers make them potential candidate for many applications including efficient 

THz emission which is the main objective of this work [30-34]. 

THz emission methods can be divided into three groups: photoconductive antennas, 

optical rectification, and emission from semiconductor surfaces. Details of these emission 

methods along with the detection methods will be explained in Chapter 2. In the past decade, 

most widely used conventional device for generation of THz radiation has been the 

photoconductive antenna, which is a biased THz wave emitter. It consists of a photoconductive 

layer on a substrate and two electrodes with a tiny gap between them. When pulsed laser beam is 

focused on the electrodes gap, photo-carriers are generated if the photon energy of the laser beam 

is greater than the bandgap energy of the material. These photo-carriers are accelerated under the 
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bias field applied via electrodes. This generated transient photocurrent radiates an 

electromagnetic wave in picosecond range, which corresponds to THz frequency range, due to 

ultrashort femtosecond laser pulse and very short carrier lifetime of the antenna material. Unlike 

photoconductive antennas, it is possible to emit THz radiation without a bias field as a less bulky 

structure. Since it was first demonstrated that THz waves can be generated from ultrafast 

transport of charged carriers at bulk semiconductor surfaces upon excitation with femtosecond 

optical pulses with an oblique angle [35] either due to charge separation by the built-in field at 

the semiconductor surface or due to different diffusion coefficients of electrons and holes (photo-

Dember effect), researchers have been looking for ways to enhance the efficiency of THz 

emission. Nanowires attracted great attention as potential efficient THz emitters for their 

enhanced carrier dynamics properties due to quantum confinement. Also, the effective surface 

area is expected to increase significantly for NWs compared to that of bulk samples which can 

increase the total absorption of the excitation laser pulse resulting in potentially enhanced THz 

radiation. Besides this advantage, having a nanowire-structure for the emitting material can 

overcome the radiation outcoupling problem that arouses when THz waves are radiating from 

bulk surface into the air [36].  

As a separate topic, potential signal processing technique to enhance the detected THz 

signal is addressed in this work. One of the main obstacles for radiation of THz waves is the 

large attenuation caused by the strong rotational transitions of water molecules in the ambient 

atmosphere resulting in limited penetration depth and weakened signal amplitude. This problem 

could be solved by improving THz emitters and detectors; however, it is usually hold back due to 

the limitation of current technologies and available materials in THz spectrum. We approach a 

practical solution for these issues by using well-known signal processing techniques ï 



 

9 

 

Independent Component Analysis (ICA) is one of them developed as a solution for Blind Source 

Separation problemï that have been applied in wide range of research areas, but not fully 

investigated for THz frequency region and THz technology [37]. 

This PhD dissertation is organized as follows: 

Chapter 2 briefly explains the various techniques for generation and detection of THz 

pulses. For detection, details of photoconductive antennas and electro-optic sampling are 

described. Photoconductive antennas are also explained as a generation method with one 

difference: instead of the electric field of the THz pulse that accelerates the photo-carriers, a 

voltage bias is applied to the electrodes for generation mechanism. Optical rectification 

mechanism and emission from semiconductor surfaces are also described as THz pulse 

generation methods. 

Chapter 3 focuses on generation of THz pulses from nanostructured semiconductors. The 

emission mechanism is similar to emission from semiconductor surfaces explained in Chapter 2; 

however, this chapter concentrates on the evolution of the idea of generating THz waves from 

nanostructures. Previous reports that studied THz emission from various nanostructured 

semiconductors are presented as well as the motivation of this dissertation.  

Chapter 4 introduces the experimental setups used in this study. It begins with THz time-

domain spectroscopy with a diagram and its basic operation principle. Then, THz imaging setup 

is described, which basically utilize THz-TDS setup except the addition of a controllable 3-axis 

stage to be able to move the sample on x-z plane during the imagining process. At last, the setup 

used for THz emission from array of NWs is briefly explained. 

Chapter 5 presents the characterization of ZnO NWs in THz spectrum by measuring 

THz-TDS in transmission mode, where the THz pulses transmitted through the ZnO NWs are 



 

10 

 

detected. Since the wavelength of THz radiation is much larger than the diameter for the NWs, 

effective medium approximation is taken into account to be able to investigate the change in 

carrier dynamics properties when the system is one-dimensional (NWs). Also, the effect of Al 

doping on electrical properties and surface defect states is examined at elevated temperatures 

above room temperature.  

Chapter 6 demonstrates the application of THz-TDS on bended samples in order to 

evaluate the flexibility and also the electrical properties with a non-destructive approach when 

the samples are in bended state. Material of interest is silver (Ag) nanowire based transparent 

conductive films deposited on polyimide (PI) and polyethylene terephthalate (PET) substrates. A 

curved samples holder is designed to keep the sample bended during the THz-TDS 

measurements. The Drude-Smith model is utilized to estimate the DC conductivity of the 

samples when they are bended, and this value is compared with conductivity measured via four-

terminal sensing in order to determine how flexible these transparent conductive films are.  

Chapter 7 presents investigation of efficient THz emission from Si1-xGex NWs.  Si1-xGex 

NWs are characterized via THz-TDS to study basic carrier dynamics by measuring THz 

transmission.  Also, the emitted THz signal from these wires are observed as a function of 

excitation laser power and analyzed to determine the dominant emission mechanism.  

Chapter 8 presents a novel approach for an enhanced nanowire-based THz emitter. Since 

the structural features are critical for strong THz emission from NWs, we suggest fabricating the 

wires via top-down nanofabrication process as opposed to preparing them with a bottom-up 

growth process. The nanofabrication process -consisting of electron-beam lithography for 

writing the nanowire pattern without a need of photomask and plasma etching process for 

actually forming the wires- provides full control on the morphology of the NW array. With this 



 

11 

 

method, excellent vertically aligned and uniformly distributed NWs are achieved. Unbiased THz 

emission from these NWs is demonstrated as a function of excitation laser pulse power, and main 

emission mechanism is investigated. Furthermore, an interdigitated electrodes pattern is 

designed, and the NWs are fabricated in between these electrodes allowing us emitting THz 

pulses from fabricated NWs under a DC bias field. With this very first demonstration of THz 

emission from fabricated NWs, a significant enhancement in THz emission is observed under 

increasing DC bias voltage. 

Chapter 9 first applies ICA on THz radiation propagated through ambient atmosphere 

under different water vapor levels in order to extract a reference spectrum for water vapor 

absorption peaks. Furthermore, this reference spectrum is utilized to clean a THz image from its 

water content. 
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2. THz EMITTERS AND DETECTORS 

In this chapter, brief background information of generation and detection of pulsed THz 

radiation is discussed.  The principles of different phenomena utilized for THz detectors and 

emitters are explained. Two most common methods for detection of pulsed THz waves are 

photoconductive antennas (PCAs) and electro-optic (EO) sampling detection. PCAs can also be 

used for generation of THz radiation. Other well-known techniques for THz emitters are via 

optical rectification (OR) and semiconductor surfaces by excitation of femtosecond laser pulses.  

2.1 THz Detectors 

2.1.1 Photoconductive Antennas for Detection 

A photoconductive antenna consists of a semiconductor substrate, which is often low-

temperature grown GaAs (LT-GaAs) and two metallic electrodes fabricated on top of it as shown 

in Figure 2.1. The femtosecond laser pulse focused onto the electrodes gap creates photoexcited 

carriers if the wavelength is properly selected such that the energy exhibited by the laser pulse is 

greater than the band gap energy of the substrate material (Ὤ’ Ὁ). In the case of 790nm 

pulsed laser and GaAs for substrate of the PCA, it will definitely generate photo-carriers since 

1.57 eV > 1.42 eV. THz pulse coming from the other side of the PCA is focused on the gap via 

high-resistive Si lens, and the created photo-carriers are biased by the electric field of this 

incident THz radiation resulting in acceleration of these photo-carriers which is detected as a
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current. This detected current is proportional to electric field of the incident THz pulse and the 

number of created photo-carriers. Since both THz wave and the probe laser beam are ultra-short 

pulses, ótimingô becomes very vital for detection. The photocurrent density at a time delay t is 

expressed as [1]: 

 
ὐὸ Ὡ‘ Ὁὸὔὸ ὸὨὸȟ (2.1) 

where Ὁὸ  is incident THz field, ὔὸ  is number of photo-carriers created by the probe beam, 

Ὡ is the elementary electric charge, and ‘ is electron mobility. In case of no THz field across the 

gap, the created photo-carriers diffuse randomly resulting in zero net current.  

If we analyze Equation (2.1), we can see that in order for ὐὸ to yield a response only 

dependent on the incident THz field Ὁὸ, ὔὸ should be in very short time as possible (ideally 

 function). ὔὸ is the number of photo-carriers generated by the probe beam, and it is limited-‏

by carrier lifetime of substrate material of PCA and pulse width of the probe beam. With the idea 

of shortening the carrier lifetime, LT-GaAs has been developed.  

 

Figure 2.1 Schematic of a photoconductive antenna for detection of pulsed THz waves. 
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2.1.2 Electro-Optic Sampling 

In this detection method, THz field is measured via modulation of a pulsed probe laser 

beam inside an EO crystal, which is usually a ZnTe crystal for 790nm probe. Presence of the 

THz field changes the birefringence of the EO crystal, which means the crystal will have 

different refractive indices for polarizations along different axes of the crystal. If the probe beam 

co-propagates inside the EO crystal with the THz wave, the birefringence of the EO crystal 

induced by the THz field will modulate the phase of the probe beam resulting in change of its 

polarization. Thus, initially linearly polarized probe beam becomes elliptically polarized beam 

creating a difference in intensities of perpendicular components, which is linearly proportional to 

electric field of the THz radiation [2]. Afterwards, a Wollaston prism splits the elliptically 

polarized probe beam into s and p polarization components. Each perpendicular polarization 

intensity is detected by a photodiode as shown in Figure 2.2. These photodiodes are configured 

in differential mode so common laser noise is canceled, which is called balanced photo-

detection. When there is no THz radiation in presence, s and p polarization components after the 

Wollaston prism will be equal to each other, therefore, the balanced photodiodes will yield no 

signal. When a THz electric field co-propagates inside the EO crystal with the probe laser pulse, 

it changes the ellipticity of the probe beam which causes a measurable signal at the balanced 

photodiodes. 
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Figure 2.2 Diagram of EO sampling utilizing balanced photodiodes for pulsed THz radiation 

detection. 

 

 

2.2 THz Emitters 

2.2.1 Photoconductive Antennas for Emission 

Generation of pulsed THz waves via PCAs is basically the reverse operation of the 

detection mechanism explained earlier. This time, instead of the electric field of the THz pulse, a 

voltage bias is applied to accelerate the generated photo-carriers as shown in Figure 2.3. The 

created transient photocurrent is the main mechanism for the emission of THz radiation. The 

polarization of the emitted THz wave is perpendicular to the gap, which is parallel to the bias 

field.  
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The laser pulse, namely ópump beamô in this case, again needs to have a greater energy 

than the band gap of the semiconductor substrate of the PCA, which is usually GaAs or LT-

GaAs. When the pump beam is focused onto the electrodes gap, the generated photo-carriers are 

accelerated by the field of applied voltage bias resulting in a transient photo-current. This photo-

current is defined by photo-induced carrier density and bias voltage. Since the detected THz field 

can be expressed as variation of photo-current density in time, we can approximately define the 

measured THz signal as [2]: 

 
Ὁ

ὃὩ

τ“‐ὧᾀ

‬ὔὸ

‬ὸ
‘ὠ ȟ (2.2) 

where ὃ is the illuminated area by the pump laser, ‐ is the permittivity in vacuum, ὧ is the speed 

of light, ᾀ is the penetration of the laser pulse into the semiconductor, ὔὸ is the photo-carrier 

density, ὠ is the applied bias voltage, and ‘ is the mobility of carriers, which is electrons most 

of the time due to their great mobility than holesô. 

 
Figure 2.3 THz radiation via PCA: photo-carriers generated by the fs laser pulse are accelerated 

due to the applied field resulting in generation of THz pulse, which is radiated through a high-

resistivity Si lens placed on the back of the substrate.  
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2.2.2 Optical Rectification 

Unlike THz pulse generation via PCAs, optical rectification method does not utilize 

actual photo-induced carriers. Instead, nonlinear optical process is employed for this kind of 

generation mechanism upon the excitation of EO crystal by fs laser pulse (Figure 2.4). THz 

pulses are generated as a result of difference-frequency process between any two frequency 

components of the pump beam. In order to utilize difference-frequency process, the material in 

use needs to have a second order susceptibility, … , which depends on the crystal structure of 

the material, different than zero. If the incident pump beam is a plane wave, then the polarization 

for the optical rectification induced by the second order susceptibility is given by 

 
ὖ ὸ ς… ȡ Ὁ‫ ɱὉᶻ‫Ὡ ὨɱὨȟ (2.3) ‫ 

where ɱ is the frequency difference of the two frequency component of the pump beam. The 

radiated THz field in the far field is the second derivative of ὖ ὸ with respect to time 

 
Ὁ ᶿ

‬

‬ὸ
ὖ ὸ Ȣ (2.4) 

Unlike PCA method, a bias field is not needed to generate THz radiation via optical 

rectification. The efficiency and the bandwidth of the radiated THz pulse are dependent on 

materials, crystal orientation, thickness, laser pulse duration, absorption and dispersion, and 

phase matching.   



 

18 

 

 

Figure 2.4 Schematic of THz generation via optical rectification in an electro-optic crystal. 

 

2.2.3 Semiconductor Surfaces 

THz emission from semiconductor surfaces occurs due to ultrafast transport of charged 

carriers just like the case in PCAs. However, this time there is no applied bias field unlike PCAs. 

Instead, this transient charge transport arise either due to the charge separation by the built-in 

electrical field at the semiconductor surface or due to the difference in the electron and hole 

diffusion coefficients (photo-Dember effect). 

The surface states in some semiconductors can be used for generation of THz pulses (e.g. 

GaAs). The possible difference in Fermi levels of a surface state and inside the bulk material 

induces band bending just beneath the surface. The built-in surface field is formed by the band 

bending area shown in Figure 2.5(a). When a laser pulse is absorbed at the surface of this kind of 

semiconductors, the photo-generated electron hole pairs will be accelerated by the existing 

electric field. For example in n-type GaAs, electrons are transported toward the inside of the 

wafer, while holes are driven in the opposite direction resulting in a dipole. Dipole oscillations 
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occur until a new balance is reached. THz wave radiation due to these dipole oscillations can be 

expressed as: 

 
Ὁ ᶿ

‬ὔὸ

‬ὸ
Ὡ‘ὉίὭὲ—ȟ (2.5) 

where Ὁ is the built-in electric field and — is the angle between radiation direction and the 

perpendicular plane to the surface of the semiconductor.  

Even though the semiconductor does not comprise built-in surface field, it may still 

generate THz pulses via the photo-Dember effect. When a semiconductor surface is illuminated 

with a laser pulse having photon energy higher than the bandgap, electron hole pairs are 

generated due to absorption of laser photons. Photo-generated electron hole pairs have a very 

inhomogeneous distribution close to the surface, which causes electrons and holes to diffuse 

toward the inside with a diffusion speed defined as: 

  ‬ὔὸ

‬ὸ
Ὀ
‬ὔὸ

‬ᾀ
ȟ (2.6) 

where ᾀ is the coordinate unit toward the inside of the semiconductor, and Ὀ is diffusion 

constant. If we examine the Einstein relation:  

  Ὀ

‘

ὯὝ

ή
ȟ (2.7) 

At a given temperature, the right-hand side of Equation (2.7), ὯὝȾή, is constant. Hence, 

diffusion constant is proportional with electrical mobility of the charged particle. Since electrons 

have higher mobility than holes, they diffuse faster. If we combine Equation (2.6) and Equation 

(2.7), we can see that electrons and holes have different diffusion speed resulting in a charge 



 

20 

 

separation in the semiconductor. This separation forms a dipole called photo-Dember field 

resulting in THz wave generation as depicted in Figure 2.5(b).  

 
Figure 2.5 Ultrafast charge transport just beneath the surface by (a) built-in electric field [2], (b) 

photo-Dember field.  
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3. THz EMISSION FROM NANOSTRUCTURED SEMICONDUCTORS 

Generation of THz radiation from semiconductor surfaces of bulk structures is explained 

in detail in Chapter 2. While the emission mechanisms still apply, this chapter focuses on THz 

emission cases from nanostructured semiconductors such as nanowires and nanorods. Generation 

efficiency will be discussed in terms of dimension, uniformity of distribution, vertical alignment, 

etc. of the nanostructured semiconductors. 

 

3.1 Morphology Factor in Enhancement of THz Emission 

One-dimensional (1D) nanostructures have become one of the most important actors for 

critical nanotechnology applications as high-performance optoelectronic devices, logic circuits, 

field-effect transistors, and biosensors [1-3]. They have attracted attention on their unique 

electrical and optical properties as well as their dependence on size and shape. Recent studies 

suggest that 1D semiconducting nanostructures are good candidates for an efficient THz 

radiation emitter due to substantially increasing surface-to-volume ratio and also confinement of 

the conductive electrons to the surface of the nanostructures.  

Ahn et al. demonstrated the importance of the morphology of the nanostructure on THz emission 

[4]. They prepared three morphologically different InN samples by plasma-assisted molecular-

beam epitaxy (PAMBE). One of the samples is InN film, and the other two samples are low-

temperature (330
o
C) and high-temperature (520

o
C) grown InN nanorods, LT-NRs and HT-NRs, 

respectively. Optical reflectivities of these three InN samples and SEM images of LT- NRs and 

HT-NRs can be found in Figure 3.1. 
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Figure 3.1 SEM images of vertically aligned (a) low-temperature-grown nanorods (LT-NRs) and 

(b) high-temperature-grown nanorods (HT-NRs). LT-NR has a uniform diameter of ~130 nm, 

while HT-NR has larger-size and ultrasmall nanorods with diameters of ~130 nm and ~60 nm, 

respectively. (c) Optical reflectivities in HT-NR (open circles), LT-NR (solid circles), and InN 

film (solid squares) as a function of excitation energy [4]. © [2007] AIP 

 

The SEM images exhibits different morphology for LT-NRs and HT-NRs, i.e., LT-NR 

has a uniform diameter of ~130 nm, while HT-NR has two different sized nanorods with 

diameters of ~130 nm and ~60 nm. The main difference between InN film and the nanorods is 

the effective surface area exposed to the photoexcitation pulses which may play role in the 

absorption. Figure 3.1(c) shows the measured reflectance which can be attributed to the 

difference in effective surface area. The absorption in nanorods which have substantially 

increased effective surface area compared to the film is ~95%, while it is ~80% in the film. It 

should be noted the amount of excitation energy absorbed by HT-NRs is same as LT-NRs. 

However, THz radiation generated from these nanorods shows that THz emission efficiencies are 

dissimilar for nanorods with uniform diameter (LT-NRs) and various-size (HT-NRs) as it is 

displayed in Figure 3.2. THz waves generated from InN film and HT-NRs show similar trend, 

while that of LT-NRs is much stronger than both of them. Even though the total surface areas 

look similar for LT-NRs and HT-NRs, nanorods with radii smaller or comparable to the 

thickness of the accumulation layer do not contribute significantly to THz emission. Comparing 
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InN film and LT-NRs, it can be concluded that surface-to-volume ratio is a critical factor for 

enhancement of THz emission. Also, comparison of LT-NRs and HT-NRs infers that having an 

array of 1D nanostructures with uniform diameter larger than the thickness of the accumulation 

layer results in a significant enhancement in THz emission. 

 

 
Figure 3.2 (a) THz waveform generated from InN film, HT-NRs, and LT-NRs. (b) Peak 

amplitude of THz emission for InN film (solid squares), HT-NRs (open circles), and LT-NRs 

(solid circles) as a function of laser pump power [4]. © [2007] AIP 

 

 Another report, by Jung et al., explores the height dependence of Si NWs formed on Si 

by a metal-assisted etching process [5]. Controlling the etching time, they prepared vertically 

aligned Si NWs with lengths ranging from 0.3 mm to 9 mm (Figure 3.3). 
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Figure 3.3 Side-view SEM images of the Si NWs with the uniform length of 0.3, 1, 2, 3, 5, and 9 

mm [5]. © [2010] OSA  

 

The prepared Si NW arrays have an average diameter of 15030 nm, regardless of the 

length. They compare the THz emission from Si wafer and Si NWs with varying length. Figure 

3.4(a) shows radiated THz field when the samples are excited with a pump power of 450 mW, 

and it is clear that THz emission from Si wafer is much weaker than that from Si NW samples. 

Figure 3.4(b) displays the corresponding frequency spectrum, and their peak intensity is plotted 

in Fgiure 3.4(c) as a function of NW length. This clearly shows that THz emission increases 

dramatically up to a length of 3 mm, and exhibits saturation for longer wires. THz radiation 

intensity as a function of pump power is displayed in Figure 3.4(d) which shows a linearly 

increasing trend with the excitation pump power from 100 mW to 450 mW. Linear power 

dependence of the THz radiation intensity implies that the main emission mechanism in these Si 

NWs is the photo-Dember effect. The maximum emission at the length of 3 mm can be attributed 
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to the complete absorption of the excitation laser pulse, and this study reveals a clear relationship 

between the THz emission intensity and the nanowire length.  

 

Figure 3.4 (a) Time-domain waveform and (b) frequency-domain spectrum of the Si wafer and 

the Si NWs with a length of 0.3 ï 9 mm. (c) The peak amplitude of (b) with respect to wire 

length. (d) THz radiation intensity as a function of excitation pump power (100 ï 450 mW) for Si 

NWs with a length of 1, 3, and 7 mm [5]. © [2010] OSA 

 

Lee et al. has also carried out a very detailed study on geometrical dependence of THz 

emission from nanowires [6]. The material of interest in their work is Ge NWs fabricated with 

Au nanoparticles on the sidewall of the NWs. They investigate the THz radiation emitted from 

Ge NWs as a function of wire length. They conclude that Ge NWs emit THz pulses significantly 

stronger than Ge wafer. Their work also implies that THz emission clearly exhibits wire-length 
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dependence by generating the maximum THz intensity at a critical length of 2.9 mm. Moreover, 

the Au nanoparticles on the sidewall of the wires play a critical role in enhancement of THz 

emission for the NWs greater than 2.9 mm by increasing the built-in surface field, Ὁ.  

Trukhin et al. investigates the importance of the distance between the nanowires (pitch 

size) in THz radiation from GaAs NWs [7]. For this purpose, they prepare ordered arrays of 

GaAs NWs by selective-area epitaxy using metal-organic vapor phase epitaxy with varying pitch 

size, a, between 300 nm and 2100 nm with a step size of 300 nm. Figure 3.5(a-f) displays 20
o
 

tilted SEM images of the fabricated GaAs NW arrays.   

 

Figure 3.5 20
o
 tilted SEM images of the GaAs NW arrays (a-f). Diameter of the top row from (a-

c) is ~160 nm, while the diameter of the bottom row (d-f) is ~80 nm. The columns have pitch 

size of 300 nm, 600 nm, and 900 nm, respectively. The scale bat in (f) applies to all images. (g) 

THz waveforms emitted from NW arrays (d=~160 nm) with various pitch size. Spectrum of THz 

wave emitted from 1200 nm pitch-sized NW array is shown in the inset of (g) [7]. © [2015] AIP 

 

THz waves generated in NW arrays with a diameter of ~160nm and different pitch size 

are shown in Figure 3.5(g) along with the frequency spectrum of THz pulses emitted from 1200 

nm pitch-sized NW array in the inset. They conclude that maximum THz field intensity can be 

achieved when the pitch size of the NW array is in the order of the wavelength of the excitation 

laser pulse. 
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Another study exploring the morphological dependence of THz emission from NWs has 

been done by Yim et al [8]. They examine the effect of vertical alignment of NWs on THz 

emission. They grow two arrays of In0.2Ga0.8As NWs with different vertical alignment condition: 

one is aligned NWs, while the other sample is less-aligned NWs whose SEM images are shown 

in Figure 3.6 (a) and (b), respectively. The THz waveforms emitted from these wires compared 

with those of bulk InAs are displayed in Figure 3.6(c) along with their corresponding frequency 

spectrum in Figure 3.6(d). Their study clearly shows how crucial having a vertically aligned NW 

array is for enhanced THz emission.   

 
Figure 3.6 (a) SEM images of tilted view of (a) aligned NWs, and (b) less-aligned NWs. Insets 

show corresponding top-views. (c)THz waveforms emitted from (a) and (b) compared with those 

of bulk InAs. (d) Frequency spectrum obtained from (c) [8]. © [2015] ASP 
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All these studies sum up to the idea of having an array of NWs with a fixed length, 

excellent vertical alignment, and perfectly uniform distribution along the array for a significant 

enhancement in emission of THz radiation. For this goal, we suggest a top-down fabrication 

approach that utilizes nanofabrication techniques such as electron-beam lithography and plasma 

etching as opposed to bottom-up growth processes such as vapor phase epitaxy (VPE) and 

chemical vapor deposition (CVD). Using this top-down nanofabrication approach, we gain full 

control on morphology of the NW array and achieve perfect vertically aligned and uniformly 

distributed NW arrays. Fabrication process is explained in detail in Chapter 8. 

Researchers have tried to enhance the THz emission with the use of external factors such 

as a magnetic field. Successful applications of magnetic field for enhancement of THz emission 

from bulk semiconductors have been reported [9-12]. Yet, there are not many reports on 

enhancement of THz emission by the application of a magnetic field on a nanostructured 

semiconductor. Ibanes et al. reported THz emission from Au-catalyst GaAs-AlGaAs core-shell 

structures, where the radiation was enhanced by applying a magnetic field [13] which was 

actually not a significant enhancement. Instead of an external magnetic field, we suggest 

applying a DC voltage bias to the fabricated NWs. In order to realize electrical contacts for bias 

field application, an interdigitated electrodes pattern is designed and fabricated on the substrate 

followed by the fabrication of the NWs in between these electrodes. With increasing bias 

voltage, ~4x enhancement in the emitted THz field intensity is achieved. Fabrication for the 

biased THz emission from NWs and the measurement results are discussed in Chapter 8.  
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4. EXPERIMENTAL SETUPS 

 Techniques of generation and detection of THz pulses have been discussed in the 

previous chapter. In this chapter, details of experimental setups that utilize those techniques are 

discussed in order to study fundamental the physical and chemical processes in THz frequency 

range. First, THz time-domain spectroscopy (THz-TDS) as a spectroscopic tool is explained, 

which has been a very successful and widely used technique to utilize THz wave to characterize 

interesting materials based on their unique responses in THz region. After that, THz imaging 

method based on THz-TDS, which is two-dimensional mapping of sample properties, will be 

explained. At last, another spectroscopic tool used in this research to investigate alternative 

devices for THz generation, namely THz emission setup, will be described along with the 

explanation of the experimental setup.  

4.1 THz Time-Domain Spectroscopy (THz-TDS) 

THz time-domain spectroscopy is used to obtain sample properties in THz frequency 

regime (between 0.2 and 2 THz for our THz-TDS system) by utilizing electromagnetic pulses 

with sub-picosecond width.  

THz-TDS setup basically consists of an emitter where THz pulse is generated and a 

detector where the THz pulse is sensed after it is transmitted through (transmission mode 

geometry) or reflected from (the reflection mode geometry) the sample of interest.  The majority 

of spectroscopic measurements and analysis in current research have been configured in the 

transmission mode. Figure 4.1 depicts the schematic diagram of THz-TDS system in our lab.
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Among all the techniques discussed in the previous chapter for generation and detection of THz 

pulses, our THz-TDS setup uses a PCA based on LT-GaAs for generation and a ZnTe crystal 

(EO sampling) for detection purposes. A mode-locked Ti:Sapphire ultrafast laser provides the 

femtosecond laser input pulses at a wavelength of 790nm with a repetition rate of 76 MHz. Then, 

a polarized beam splitter (BS) splits this laser beam into two: ópump beamô and óprobe beam.ô 

The energy of pump beam is much higher than that of probe beam because it is used for 

generation of THz pulses. The energy ratio of these two arms can be adjusted by the half-wave 

plate (HWP) prior to the BS. The pump beam travels to the Emitter Module, and it is focused on 

the tiny gap of the PCA (typically ~50ɛm). The emitted THz pulse is collimated by a 90
o
 off-axis 

parabolic mirror. Meantime, the probe beam travels to the Receiver Module passing through a 

mechanical delay line that creates a variable time delay between pump and probe beams. Two 

polyethylene (PE) lenses are used to focus the THz wave radiation onto the sample and re-

collimate it after it is transmitted through the sample. Then, the probe beam and transmitted THz 

pulse meet in the Receiver Module. They propagate in the ZnTe crystal collinearly to realize the 

EO sampling explained in the previous chapter. As a result, the probe beam samples the THz 

pulse, and its electric field is recorded as a function of delay time caused by the mechanical delay 

stage. The output of the detector is usually followed by a lock-in amplifier enhancing the signal-

to-noise ratio (SNR). Most of the THz-TDS systems use a DC bias for PCA emitter and a 

mechanical chopper to modulate the pump beam whose frequency is used as reference frequency 

for lock-in process. In our setup, we donôt chop the laser beam. Instead, our PCA emitter is 

biased with a square wave whose frequency becomes the modulation frequency for detection 

purpose.  
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Figure 4.1 Schematic diagram of THz Time-Domain Spectroscopy. It utilizes a mode-locked 

790nm Ti:Sapphire ultrafast laser with a pulse width of 120 fs for both pump and probe beams. 

The sample is placed between PE lenses. 

 

4.2 THz Imaging 

For THz image acquisition, in addition to the THz-TDS setup, a three-axis motion-

controlled stage is integrated to the sample mount. The direction of the axes can be seen in 

Figure 4.2. THz pulse propagates in y-axis, thus y-axis is fixed to the focal point of the PE 

lenses, where THz spot size is minimum, and is not moved anymore.  To obtain the THz image, 

the sample is moved on x-z plane within the range of interest. Each motion-controlled axis has a 

translation range of 2 cm with a minimum step size of 0.5 µm. Since we like to acquire full 

spectral data for each pixel, the resultant image data becomes a 3D matrix. Usually we run a 

regular time-domain spectroscopy scan for one pixel, then move to the next pixel and run another 

scan, and then move to the next pixel and run another scan, and continue until all pixels are 

acquired as shown in the Figure 4.2. At the end, we have a time-domain THz signal for each 
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pixel. Applying Fast Fourier Transform to the complete image data, we can convert time-domain 

image into frequency-domain image which can be represented as spectral amplitude or phase.  

 
Figure 4.2 Illustration of THz image acquisition for each pixel along x-z plane.  

 

Reconstruction of the image can be realized by both time-domain and frequency-domain 

data with various reconstruction criteria. In order to display one individual image, all we need is 

one single value for each pixel. The simple ways to obtain a single value for each pixel can be 

reading the scan amplitude at a fixed delay line position for all pixels, or reading only the peak 

values of each pixelôs THz signal. Little bit more complex reconstruction methods may utilize 

derivation or weighted sum of amplitudes at two different frequencies.  
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4.3 THz Emission Spectroscopy 

The schematic diagram of the optical setup for THz emission is shown in Figure 4.3. 

Semiconductor nanowire samples are the THz emitter in this setup while a PCA is used as the 

detector. Detection mechanism for PCAs is explained in the previous chapter along with the 

generation mechanism ï emission from semiconductor surfaces. Ultrafast Ti:sapphire laser 

provides femtosecond pulses at a wavelength of 790 nm which has sufficient photon energy to be 

able to create photo-carriers both on NW samples and on PCA material. This incoming laser 

pulse splits into two in a beam splitter: higher power goes to the sample side and lower power 

goes to the detection side. The sample beam is focused on the gap of the PCA after it travels 

through a mechanical delay line to be able to obtain a full spectrum just like THz-TDS. The other 

arm of the laser beam is focused on the sample for excitation purpose. The radiation pattern is 

like a point source diverging out; therefore, two 90
o
 off-axis parabolic mirrors are used to 

collimate and then focus it onto the PCA detector. The detected signal from PCA is connected to 

a lock-in amplifier through a pre-amplifier. The reference frequency for lock-in amplifier was the 

modulation frequency of the bias field in the case of THz-TDS. In THz emission setup, THz 

radiation is generated via unbiased emission, which means there is no applied bias voltage. Thus, 

the reference detection frequency is obtained from a mechanical chopper which modulates the 

excitation laser pulse, and lock-in amplifier is locked to this frequency.  

We also studied the strength of THz emission from NWs as a function of excitation laser 

power. In order to realize that, a half-wave plate and a beam splitter pair is used for power 

adjustment purpose.  
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Figure 4.3 Diagram of experimental setup for THz emission from semiconductor NWs. A mode-

locked 790nm Ti:Sapphire ultrafast laser with a pulse width of 120 fs is used to excite the sample 

and also to probe the PCA detector. 
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5. INVESTIGATION OF HIGH FREQUENCY CARRIER DYNAMICS OF  

ALUMINUM  DOPED ZnO NANOWIRES BY THz-TDS 

Terahertz time-domain spectroscopy is utilized to study the carrier dynamics in undoped 

and Al-doped ZnO nanowires with a non-contact and non-destructive manner. Index of 

refraction and conductivity of the nanowires are determined as a function of frequency by 

applying numerical iteration and effective medium theory to the experimental measurement 

results. The Drude-Smith model is fitted to the conductivity, which allows extraction of the 

carrier concentration and mobility as carrier dynamic parameters. The results show how doping 

can function as a compensation for defects and how it affects the carrier concentration and 

mobility when doping ratio exceeds a certain level. Furthermore, temperature dependent 

terahertz time-domain spectroscopy measurements above room temperature are conducted to 

reveal how frequency and temperature dependencies of refractive index, conductivity, and carrier 

concentration are affected by Al doping ratio.  

5.1  Introduction 

With a direct band gap of 3.4 eV at room temperature and exciton binding energy of 60 

meV, ZnO is an attractive wide band-gap semiconductor for various applications from 

photovoltaic devices and optoelectronics to chem-bio sensors [1-3]. Even though it can be 

formed in various nanostructure morphologies, especially one-dimensional ZnO nanowires 

(NWs) has attracted great attention due to its unique physical properties induced by quantum 

confinement. ZnO NWs are good candidates for studying transport mechanisms in one-
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 dimensional systems which would provide us critical information to develop new nanodevices 

with high performance. In terahertz (THz) frequency range, ZnO carries important properties to 

be eligible for device application such as relatively high resistivity and mobility, and it is 

transparent in a broad range [4]. In order to achieve high-performance nanodevices, it is a key 

factor to control the characteristics of the nanowires, including their electrical properties and 

surface defect states which are believed to be associated with deep-level luminescence emission 

and which can be reduced by Al doping [5-14]. Proper doping of ZnO can result in an 

electrically conductive and optically transparent material in the visible spectrum which leads us 

to transparent conductive electrodes in solar cells and flat panel displays [15]. Therefore, it 

becomes an essential goal to probe the optical and dielectric properties of ZnO and also find out 

how doping and temperature mutually affect conductivity and carrier concentration. 

Conventional electrical measurements on nanowires with ohmic contacts are neither consistent 

nor convenient; therefore, non-destructive and non-contact terahertz time domain spectroscopy 

(THz-TDS) measurements have great potential for determining such materials properties in an 

alternative and very convenient way. 

In this work, we have carried out THz-TDS measurements of Al-doped ZnO NWs in 

comparison with as-grown ZnO NWs. From both experimental measurements and numerical 

calculation, we are able to determine major carrier transport parameters, such as conductivity, 

carrier concentrations and mobility for different Al incorporation in the NWs grown. 

Furthermore, temperature dependent THz-TDS measurements were conducted to enlighten the 

relation between doping ratio, frequency dependency, and temperature dependency in refractive 

index, conductivity, and carrier concentration of ZnO NWs. 
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5.2 Experimental Method 

5.2.1 Nanowire Samples 

The growth of the ZnO NWs used in this study was carried out at 900
o
C in a 3-zone tube 

furnace using sapphire (Al2O3) substrates. The details of the growth process were reported 

elsewhere [16]. ZnO and graphite powders were mixed with a molar ratio of 1:2 and loaded on a 

quartz boat in the quartz tube furnace to be used as the source material. The growth of undoped 

ZnO NWs were realized using the ZnO seeds on Al2O3 substrates going through a wet chemistry 

process as reported earlier [16, 17]. Aluminum was introduced in the source powder, and the 

growth was carried out at low pressure which would result in n-type electrical conductivity 

enhanced ZnO NWs. The mixture was determined by the mass ratio, for example, Al/Zn mass 

ratios of 0.2, 0.33, and 0.66, were used for three different Al-doped ZnO NWs studied here. 

Within our optimized growth conditions, both undoped and Al -doped ZnO NWs were grown 

vertically aligned. It was found that the growth rate was significantly dependent on the mixture 

ratio of the source materials, which would finally define the structural features of the NWs such 

as length and diameter [10]. Scanning electron microscopy (SEM) was utilized in order to 

compare different NWs samples with respect to their structural features, especially vertical 

alignment of the NWs. To determine the amount of Al in the solid, Energy-dispersive X-ray 

spectroscopy (EDS) spectrum was carried out in scanning TEM mode. Figure 5.1 displays the 

SEM images of undoped and three different Al-doped ZnO NWs arrays along with their Al 

contents in terms of mass ratios. 
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Figure 5.1 Both cross section and tilted view SEM images of  undoped and Al-doped ZnO NWs 

samples with doping ratios (see inset) of 0.2, 0.33, and 0.66 for Sample A, B, and C, 

respectively. 

 

5.2.2 THz-TDS Set-up 

A 790 nm Ti:Sapp mode-locked laser with 120 fs pulses is used to pump the 

spectrometer. Broadband terahertz radiation (0.2THz ï 3.0THz) is generated by photo-excitation 

of a photoconductive antenna based on LT-GaAs with an applied voltage bias of 130 V at 15 

kHz. ZnTe electro-optic crystal and balanced photodiodes are used to detect the terahertz electric 

field. The details of the generation and detection have been reported elsewhere [18, 19]. Two 

polyethylene lenses are used to focus the collimated radiation on the sample and re-collimate the 
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radiation into the detection array. To minimize absorption of the terahertz radiation by water 

vapor, measurements were performed under a nitrogen blanket. 

5.2.3 Extraction of Materials Properties 

THz time-domain spectrometer (THz-TDS) was used in transmission geometry to 

measure all the samples. Upon measuring the time domain THz signal transmitted through each 

sample, fast Fourier transform (FFT) was applied to convert each signal into frequency domain. 

Applying numerical iteration to Equation (5.1) and utilizing effective medium theory, complex 

index of refraction values were determined as a function of frequency [19]. 

 
Ὕ‫

ςὲὲ ρὩὼὴ Ὥ‫ὲ ρὨȾὧ

ὲ ρ ὲ ὲ   ὲ ρ ὲ ὲ Ὡὼὴ ςὭ‫ὲὨȾὧ
 (5.1) 

Equation (5.1) expresses frequency dependent complex transmission coefficient Ὕ‫ , 

which is the ratio between sample signal and reference signal, in terms of refractive index values 

of substrate and the sample (ὲ and  ὲ, respectively), thickness of the sample (Ä), and the speed 

of the light in vacuum (Ã) [20]. Afterwards, conductivity was obtained from the relation „‫

Ὥ‫‭ ὲ‫ ‭  where ‭ is free space permittivity and ‭  is the low frequency dielectric 

constant which is 7.46 for ZnO. To further analyze carrier dynamics and extract important 

material parameters, including the plasma frequency ɤp, the carrier relaxation time Ű0, carrier 

concentration, and mobility ɛ, the Drude-Smith model was fitted to the frequency dependent 

conductivity defined as [21]: 
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where ὧ  incorporates information about back scattering and its numerical value varies between 

0 and -1. If c=0, one obtains the simple Drude model whereas if c=-1 carriers are fully localized 

[22]. For simplicity, the summation is usually truncated after the first term. The carrier 

concentration N and mobility ɛ can be calculated from the plasma frequency ɤp and the 

relaxation time Ű0, respectively, by using the relations ὔ ‭άᶻ‫ Ὡϳ   and  ‘ Ὡ† άᶻϳ . 

5.3 Results and Discussion 

5.3.1 Undoped & Al-Doped Samples 

The frequency dependent conductivity and corresponding Drude-Smith model fit for each 

ZnO NWs sample (both undoped and Al-doped) were obtained through the process discussed 

above. Figure 5.2 compares the obtained real components of the conductivity and their curve fits 

for samples undoped, A, B, and C. As expected, increasing the Al:Zn mass ratio in the source 

material increases the conductivity of the sample. Compared to the undoped sample, sample A, 

which had the smallest amount of Al incorporation among the Al-doped samples in this work, 

has a measurably increase in the conductivity. From the calculation results, the conductivity of 

sample A is almost 10 times high at frequencies below 0.5THz, then 3 times at higher 

frequencies. It is noted the frequency dependence of the conductivity for sample A is opposite 

that of the undoped sample. For undoped, the conductivity increases monotonously with 

frequency, but sample A shows a decreasing conductivity. One of the possible reasons for this is 

the structural difference in nanowires as the NW diameter might have an impact on the charge 

carriers since the induced THz electric field is parallel to the plane of the NW cross section. 

Sample C clearly shows the effect of Al incorporation on the conductivity. The conductivity at 

THz frequencies of sample C was dramatically increased, reach to 84.8 (WÅcm)
-1
 for C at 1THz, 

compared to 7 (WÅcm)
-1
 and 2.5 (WÅcm)

-1
 for A and the undoped samples at 1THz, respectively. 
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Figure 5.2 The real part of the frequency dependent conductivity and the fitting curves obtained 

through the Drude-Smith model for each ZnO NWs samples. 

 

By fitting the Drude-Smith model to the obtained conductivity, we found a varying rate 

of increment in free carrier concentration with respect to Al incorporation, and is presented in 

Table 5.1. The different increment rates can be attributed to how much intrinsic defects the 

sample had initially and how much of those were compensated with Al contribution on each 

sample. We can see how carrier concentration and mobility change with respect to doping ratio 

in Figure 5.3. The carrier concentration for undoped sample was as low as 6 × 10
16

 cm
-3
. The Al 

incorporation in the case of Sample A did not cause a significant increase in carrier concentration 

and only increased to 8 × 10
16

 cm
-3
 which is the result of compensation of existing defects by the 

added Al. Compensating the existing defects led sample A to have almost zero back-scattering 

which resulted in a sudden increment in mobility. Once the Al amount in the source exceeds a 

critical level, the defects that were initially existed were compensated, and this led to the increase 

of carrier concentration starting from Sample B. Having more free carriers moving around 

caused more back-scattering which decreased the mobility for sample B and C. Increasing the Al 
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incorporation as it is in the case of Sample C achieved to compensate almost all of the initially 

existing defects resulting in a drastic increase in carrier concentration. The concentration of the 

carriers were determined as 0.08 × 10
18

 cm
-3
, 0.17 × 10

18
 cm

-3
, and 1.6× 10

18
 cm

-3
 for Sample A, 

B, and C, respectively. 

Table 5.1 Carrier dynamics parameters extracted through Drude-Smith model fit and doping 

ratio of each sample. 

 Al/Zn  

(mass ratio) 

Conductivity @1THz 

(W cm)
-1
 

N (cm
-3
) 

x10
18

 

Mobility  

(cm
2
/Vs) 

Undoped ---- 2.5 0.06 721.07 

Sample A 
0.3/1.5 

(0.2) 
7 0.08 1010.8 

Sample B 
0.5/1.5 

(0.33) 
7.4 0.17 561.32 

Sample C 
1.0/1.5 

(0.66) 
84.8 1.6 508.56 

 

 

 

 

Figure 5.3 Carrier concentration and mobility vs. doping ratio (undoped, 20%, 33%, and 66%). 
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5.3.2 Temperature Dependent THz-TDS Results 

Temperature dependent THz-TDS measurements were conducted to investigate the 

change in carrier dynamics of ZnO NWs in the THz frequencies above the room temperature. To 

accurately monitor and measure the temperature, a thermocouple and a PID control system were 

used to detect and stabilize the temperature of the samples as increasing and decreasing the 

temperature by heating elements. By these measurements, we were able to study the complete 

map of relationships between frequency dependency, temperature dependency, and doping ratio 

and their relation with each other in refractive index, conductivity, and carrier concentration. 

Frequency/temperature dependency is much stronger wherever the change in refractive index or 

conductivity is greater with increasing frequency/temperature.  

The refractive index of undoped ZnO NWs, shown in Figure 5.4(a), is almost constant ï

independent of frequencyï at room temperature. However, frequency dependency gets stronger 

with increasing temperature. The effect of temperature is not noticeable at lower frequencies, but 

it gets stronger at higher frequencies. Figure 5.4(b) shows the refractive index of Sample B (33% 

mass ratio, Al-doped ZnO NWs), and it appeared that frequency dependency and temperature 

dependency of refractive index are similar for undoped (Figure 5.4(a)). At lower frequencies, 

they do not have significant changes with the increase of temperature, while temperature 

dependency is stronger at higher frequencies. 
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Figure 5.4 3D surface plot of refractive index vs temperature vs frequency for (a) undoped and 

(b) Sample B. For both undoped and Al-doped samples, frequency/temperature dependency is 

stronger with increasing temperature/frequency. 

 

The conductivity as a function of frequency and temperature for undoped, Sample A, and 

Sample B are shown in Figure 5.5. For undoped sample, only small changes were observed with 

increasing frequency. However the temperature had no significant effect on the conductivity of 

undoped ZnO NWs. Sample A exhibited higher frequency dependency compared with undoped 

sample, however conductivity was still independent of temperature at this doping level. For 

Sample C, doped with a higher ratio, the conductivity became dependent on temperature. 

Moreover, this temperature dependency got stronger with increasing frequency, which means the 

conductivity change as a function of temperature was not observable at lower frequencies but 

became greater with increased frequency. Frequency dependency also became clear at higher 

temperatures while it was not significant at low temperatures. 

We conclude that temperature dependency becomes effective on conductivity when the 

amount of Al incorporated to ZnO NWs exceeds a certain level. In other words, temperature 

a) b) 
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dependency of conductivity is directly related with the doping ratio which leads conductivity to 

become a function of temperature only beyond a critical doping level. 

 

Figure 5.5 3D surface plot of conductivity vs temperature vs frequency for (a) undoped, (b) 

Sample A, and (c) Sample B. Temperature did not have a significant effect on conductivity for 

undoped sample and Sample A. After a critical level of doping, conductivity became a function 

of temperature, and the effect of temperature began to be observable (Sample B). 

 

 

By applying similar fitting process discussed above  to obtained conductivities at 

different temperatures, free carrier concentrations at different temperatures  were obtained for 

undoped, 20% Al-doped (Sample A), and 33% Al -doped (Sample B) ZnO NWs. In addition to 

the results discussed in Figure 5.3, Figure 5.6 summarizes the temperature dependency of carrier 

concentration for different doping in ZnO NWs. As it is clearly observed, temperature does not 

have a significant effect on carrier concentration for undoped and 20% Al-doped ZnO NWs 

sample (Sample A). After a critical amount of Al incorporation (33% for Sample B), carrier 

concentration begins to exhibit a strong temperature dependency and increase rapidly with 

temperature increases. 

a) b) c) 
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Figure 5.6 Carrier concentration as a function of temperature and doping ratio. 

 

5.4 Conclusion 

In this report, terahertz time-domain spectroscopy was leveraged as a powerful technique 

of nondestructive way to obtain electrical properties such as conductivity of 1D semiconductors, 

especially ZnO NWs without any electrical contacts. Utilizing numerical iteration process and 

also considering the effective medium theory, complex refractive index and conductivity were 

determined as a function of frequency for undoped and Al-doped ZnO NWs. Furthermore, 

mobility and concentration of carriers were determined by fitting the Drude-Smith model to the 

frequency dependent conductivity. We inspected how Al doping affects the carrier dynamics of 

ZnO NWs, and we found out that initially existing defects in undoped ZnO NWs were 

compensated by Al added in the source up to a certain amount. After a critical amount of 

aluminum, a dramatic increase in the carrier concentration was observed from 6 × 10
16

 cm
-3
 for 

undoped ZnO NWs to 1.6 × 10
18

 cm
-3
 for the highest doped sample. In addition, temperature 

dependent measurements above room temperature were carried out in order to study the 

refractive index, conductivity, and carrier concentration as a function of frequency, temperature, 
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and doping ratio in ZnO NWS for the first time in our knowledge. Change in carrier 

concentration as a function of temperature becomes significant when the Al doping ratio is above 

20%. Below this doping level, carrier concentration behaves like independent of temperature 

change. 
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6. FLEXIBILITY AND NON -DESTRUCTIVE CONDUCTIVITY MEASUREMENTS  

VIA TERAHERTZ SPECTROSCOPY
*
 

Highly stable and flexible transparent electrodes are fabricated based on silver nanowires 

(AgNWs) on both polyethylene-terephthalate (PET) and polyimide (PI) substrates.  Terahertz 

time domain spectroscopy (THz-TDS) was utilized to probe AgNW films while bended with a 

radius 5 mm to discover conductivity of bended films which was further analyzed through 

Drude-Smith model. AgNW films experience little degradation in conductivity (<3%) before, 

after, and during 1000 bending cycles. Highly stable AgNW flexible electrodes have broad 

applications in flexible optoelectronic and electronic devices. THz-TDS is an effective technique 

to investigate the electrical properties of the bended and flattened conducting films in a 

nondestructive manner. 

6.1 Introduction 

Recently there have had increased demand and interests in flexible and/or wearable 

devices in many applications. As a result, flexible electrodes became the center of the topics and 

a key focus related to development of new flexible devices. Since the durability and conductivity 

of the flexible electrodes are critical to the flexible devices, the new types of flexible electrodes 

have been widely pursued.  In addition to flexibility, it is necessary for the electrodes to be 

transparent for many applications, such as displays. Indium tin oxide (ITO) is one of the most 

commonly used material for transparent electrodes because of its high optical transmittance and 

conductivity, yet it has some drawbacks due to its lack of flexibility, high manufacturing cost,

                                                 
* This chapter is a published work of the author of this dissertation: Balci, Soner et al. "Flexibility and non-destructive conductivity 

measurements of Ag nanowire based transparent conductive films via terahertz time domain spectroscopy." Optics Express 25(4), p.4500 (2017)  
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and the limited indium resources. Therefore, many alternative materials have been studied, such 

as carbon nanotubes (CNTs) [1], copper nanowires (CuNWs) [2-4], graphene [5-8], and silver 

nanowires (AgNWs) [9-17] in order to replace ITO. AgNW mesh electrodes have many potential 

benefits as electrodes such as simple synthesis methods (e.g., the polyol method), high optical 

transparency superior electrical conductivity, good flexibility (i.e., mechanical durability), 

feasible mass production, and a large area coverage due to roll-to-roll manufacturing processes 

(such as the slot-die process). So far, majority of the studies on these materials have mainly 

focused on investigating electrical properties and flexibility [18, 19]. 

Conventionally, scanning electron microscopy (SEM), I-V (ohmic) measurement with 

wires, 4-point probes, and Hall measurements have been applied to flattened electrodes to 

identify their electrical properties. Most research shows that the conductance of flexible 

electrodes does not change after bending when using the above methods [20-28]. However, 

direct measurement of the electrical properties of flexible electrodes during bending, as opposed 

to only before and after bending has been limitedly reported. There are only a few reports of 

direct measurement using electrical contacts so far. [29, 30] 

Terahertz time domain spectroscopy (THz-TDS) is a powerful tool and method to 

characterize materials non-destructively. It has been used to determine conductivity, carrier 

concentrations, and other intrinsic parameters of carrier dynamics of various materials including 

nanostructures and nanowires without requiring electrical contact. For electrical conductivity 

measurement, conventional IV (ohmic set up) measurement with wires and probes are still 

available and simpler in set-up, but it still requires making good ohmic contacts, patterning 

which becomes more complicated. In addition, if conductivity measurement is needed during 

bending or stretching, it would require additional efforts for probing or wire-bonding. 
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Conductivity measurement using THz-TDS becomes relatively simple because it is not required 

any contact. There have been a number of reports regarding the electric properties of various 

materials used for flat conducting films probed by THz-TDS [31-36]. However, there were none 

of them reported THz-TDS measurement directly applied during bending of flexible electrodes 

whose curvature varies. There is, so far, one report studying the flexibility of transparent 

electrodes by non-contact THz-TDS technique; however, the sample has been measured in 

flattened state after 10,000~20,000 bending cycles [30]. 

In this work, we report measurements of the electrical properties of not only flattened, but 

also bent AgNW mesh films using nondestructive THz-TDS. To analyze the dependence of the 

electrical properties on the substrate, AgNW mesh films with various conductivities were 

deposited on polyethylene terephthalate (PET) and polyimide (PI) substrates. The transmission 

ratio obtained from the THz measurement was used to calculate refractive index and 

conductivity. Those conductivities were analyzed based on a Drude-Smith model and then 

compared with the DC conductivities obtained via 4-probe measurements to verify the 

consistency of the results. In addition, we discuss the application of THz-TDS in the multiple 

bending tests (up to 1000 cycles), which in practice is normally performed to check the reliability 

of flexible conducting films. 

6.2 Experimental Approach 

Silver nanowires were purchased from Ditto Technology Co., Ltd., (Kyeonggi-do, Korea) 

for use as suspensions in methanol with a concentration of 1 wt%. The diameter of the AgNWs is 

25-35 nm and the length is 10-20 µm. To realize AgNW mesh conductive layers with various 

conductivities and substrates, various concentrations of AgNW suspension solution were applied 

to both 100 µm thick PET and 50 µm thin PI substrates with area of 5 x 10 cm
2
. Then, a Mayer 
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rod (formed lab rod 8#, RD Specialties, Inc., New York, USA) is either pulled or rolled over the 

solution, leaving a uniform, thin layer of AgNW suspension on the substrate with a wet thickness 

of 20.3 µm. The liquid thickness is solely determined by the rod wire distribution, that is, the 

wire diameter and the spacing. Then, the wet coating of the Ag NW films is carefully dried using 

a hair dryer. 

 

Figure 6.1 (a) SEM image of a AgNW/PET film made using the Mayer rod method. (b) Picture 

of the holding device used for the bending test with a 5 mm radius; the inset shows a side view 

and the dimensions of the holding device. 

 

Figure 6.1(a) shows a SEM image of representative AgNW/PET film. By counting how 

many AgNW layers were formed, it was possible to estimate the thickness of the AgNW mesh, 

as about 100nm. The experimental setup for THz spectroscopy in transmission geometry was 

introduced in our previous publication [36]. THz-TDS is performed at room temperature, 

maintaining a low humidity of about 21% with nitrogen gas to purge any moisture, which has a 

high absorption in the THz frequency range and subsequently prevents it from passing through 

the sample. For measuring the bent film via THz-TDS, we designed a specially curved sample 

holder (bending holding device), as shown in Figure 6.1(b). As shown in the photo image, the 

flexible electrode film was directly mounted on the curved sample holder, and results in bending 

2 µm

1 cm

1 cm

(a) (b)

(a) (b)
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of the electrode films. The bending radius of holding device is 5 mm (see inset in Figure 6.1(b)), 

but can be varied easily. The spot size of THz beam is approximately about 0.8-1.0 mm for our 

set-up. In parallel, DC conductivity was directly measured by a Hall measurement system (HMS-

3000, Ecopia Co., Ltd.) using contacting 4-probes at the corner of each 1.5 cm x 1.5 cm square 

samples using the Van der Pauw geometry. Silver paste was used to reduce the contact 

resistance. UV-vis transmission spectra were obtained by a Lambda 25 system (Perkin Elmer, 

Inc.) to verify the transparency of AgNW flexible electrodes. 

During 1000 bending cycles, THz-TDS was performed for both bent films after every 

200 bending cycles with the bending holding device, and the flattened AgNW films before/after 

1000 bending cycles. DC conductivity measurements were also performed for the re-flattened 

AgNW films after every 200 bending cycles for comparison. 

6.3 Results and Discussion 

For this work, six types of AgNW films with highly distinguishable conductivities (three 

AgNW/PET and three AgNW/PI films) were prepared to verify the consistency of conductivities 

obtained by 4-probe DC conductivity measurements and THz-TDS measurement. The 

conductivities of the AgNW/PET films are 0.68, 0.22, 0.14 x 10
6
 (ÝĀm)

-1
, and the conductivities 

of the AgNW/PI films are 0.69, 0.27, 0.18 x 10
6
 (ÝĀm)

-1
.
 
For the convenience of referring them, 

the samples were named PET_(HIGH, MID, LOW) and PI_(HIGH, MID, LOW), respectively, 

according to conductivities. These values are listed in Table 6.1 and are compared with the 

conductivities obtained via THz-TDS (discussed below). The conductivity we obtained results in 

the sheet resistance  The optical transparency of the AgNW/PET films shows ~76% transparency 

with cut off wavelength at 300nm, while AgNW/PI films has a cut off wavelength at about 500 

nm [37] and reaches the maximum transparency about 60% between 650nm and 800nm as 
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shown in Figure 6.2. We also performed the transmittance measurements of the PI substrate only 

and confirmed the cut off wavelength is 500nm. It was observed that the overall optical 

transmittance is reduced due to the existence of the AgNW mesh layer.  

 

Figure 6.2 Transmission at visible of PET_HIGH and PI_HIGH films. 

 
Figure 6.3 (a) THz time domain signals of the AgNW/PET samples and a bare PET substrate and 

(b) AgNW/PI samples and a bare PI substrate. 

 

Figure 6.3 compares the transmitted THz time domain signals of PET (HIGH, MID, 

LOW), PI_(HIGH, MID, LOW), and the bare PET and PI substrates. It can be seen that each 

time domain signal is distinctly different than each other due to their free carriers absorptions 

related to conductivity. The conductivities of these films can be determined by analyzing these 
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measured time domain THz waves transmitted through bare substrate, ╔ἻἽἪἻἼἺἩἼἭ◄, and AgNW 

electrode films, ╔ἋἯἚἥἡἽἪἻἼἺἩἼἭϳ ◄ (Figure 6.4). First, the fast Fourier transform (FFT) is applied 

to these time domain THz signals to obtain frequency domain THz spectra, ╔ἻἽἪἻἼἺἩἼἭ◄ and, 

╔ἋἯἚἥἡἽἪἻἼἺἩἼἭϳ ◄ whose ratio is the transmission coefficient, ╣ⱷ  which is related to the 

conductivity of the nanowire films by the thin film equation [31,32,38]: 

 
Ὕ‫

Ὁ ϳ ‫

Ὁ ‫

ρ ὲ

ρ ὲ ὤ„‫Ὠ
 (6.1) 

where ὤ σχχ  is the impedance of free space, Ὠ is the thickness of the AgNW mesh (~100 

nm), ὲ  is the refractive index of the substrate which is 1.8 for the PI substrate [37] and 

2.0 for the PET substrate determined by a separate measurement, and ʎʖ  is the frequency 

dependent conductivity of the AgNW mesh which is the data of interest. In addition, the 

conductivities of both the AgNW/PET and AgNW/PI films are analyzed using the Drude-Smith 

model [40]: 

 

„‫
‐†‫

ρ Ὥ†‫
ρ

ὧ

ρ Ὥ†‫
 (6.2) 

where ‫  is the plasma frequency, † is the scattering relaxation time, and c is the back scattering 

parameter that describes the persistence of velocity after a number of scattering events which is 

assumed to be only one scattering for simplicity. A nonlinear curve fitting function is utilized in 

MATLAB. For each data, after sufficient number of iterations, the value of sum of the squared 

residuals is always adequately small (almost zero) which lets us make sure that fits are 

converging and fitting process is successful. Once the model is fitted, it is further used to 

estimate the DC conductivity only by substituting 0 Hz for The real conductivity and the .‫ 

fitted Drude-Smith curve of the AgNW films are displayed in Figure 6.4. The conductivities 
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obtained via THz-TDS are in good agreement with the values obtained via 4 probe 

measurements, which verifies the validity of using Equation (6.1) that can be employed only 

when a metal thickness is less than a skin depth of the metal. As shown in Table1, the 

conductivity of the AgNW films obtained by the two different measurements are very close each 

other, and do exhibit the same trends according to high and low conductivities, regardless of 

substrate. This implies that the THz-TDS method can be applied nondestructively to measure the 

conductivities of the AgNW mesh conductive films. 

 
Figure 6.4 Real conductivity and the fitted Drude-Smith curve (solid line) of the (a) AgNW/PET 

films and (b) AgNW/PI films. 

 

Table 6.1 DC conductivity from 4-point probe and THz-TDS 

 PET_HIGH PET_MID PET_LOW PI_HIGH PI_MID PI_LOW 

4-point probe 

( 10
6
 Ý

-1
Ām

-1
) 

0.68 0.22 0.14 0.69 0.27 0.18 

THz-TDS 

( 10
6
 Ý

-1
Ām

-1
) 

0.70 0.22 0.13 0.65 0.27 0.19 

 

It is important to note that we observed the difference in the characteristics of frequency 

responses on two different substrates, PI and PET, due to the differences in the molecular 

collisions and vibrations within the samples, the structural features of the substrates and the 

0.0 0.3 0.6 0.9 1.2

0

2

 PET_High

 PET_Mid

 PET_Low

s
R

e
 (
W

-1
m

-1
) 

x
 1

0
6

Frequency (THz)

0.0 0.3 0.6 0.9 1.2
0.0

0.5

1.0

s
R

e
 (
W

-1
m

-1
) 

x
 1

0
6

 PI_High

 PI_Mid

 PI_Low

Frequency (THz)

(a) (b)



 

60 

 

difference in filling factor in different samples. However, this paper will mainly be focusing on 

investigating the flexibility of conductive transparent AgNW mesh films for visible range 

optoelectronics and the suitability of non-destructive THz-TDS method to determine DC 

conductivity of the samples even while they are in bent state. 

Next, we applied same procedure to additional AgNW/PET and AgNW/PI films with 

conductivity of 0.43 x 10
6
Ý

-1
Ām

-1
(corresponding sheet resistances of 23.43 Ý/sq) and 0.58 x 

10
6
Ý

-1
Ām

-1
 (corresponding sheet resistance of 17.13 Ý/sq), respectively for multiple and 

sequential bending tests to ensure the endurance of flexible conductive layers and also to 

compare the conductivity measured during bending using THz-TDS. The AgNW/PET and 

AgNW/PI films were repeatedly bent 1000 times, and the values for the bending sequence were 

monitored to confirm whether conductivities obtained by THz-TDS and 4 probe measurements 

were consistent. 
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Figure 6.5 (a) SEM image of a AgNW/PET film after 1000 bending cycles. (b) THz time domain 

signals of AgNW/PET and AgNW/PI films during 1000 bending cycles. (c) and (d) are the 

calculated conductivities of AgNW/PET and AgNW/PI during 1000 bending cycles, 

respectively. 

 

Figure 6.5 (a) shows An SEM image of a AgNW/PET film after 1000 bending cycles. 

There is no sign of significant mechanical failure, such as cracking or splitting of the nanowires, 

while also maintaining stability of the electrical conduction. The nanowires are very thin, long 

and flexible, and exhibit strong adhesion due to the formation of effective fusions between the 

AgNWs at their crossing points; thus, the electrical property is unaffected by mechanical stress. 

Such mechanical stability will be the basis of stable device performance. 

The THz time domain signal of the AgNW films during the bending test is shown in 

Figure 6.5(b). It reappears during bending test, making it possible to first screen out the 

unreliable samples without the use of FFT, Drude-Smith fitting, or other complicated 
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calculations, and then approximately determine which sample is stable or unstable for bending 

tests by comparing the transmissions. 

Figures 6.5(c) and (d) show the frequency dependent conductivity of AgNW/PET and 

AgNW/PI during 1000 bending cycles. After every 200 cycles, THz TDS was used to measure 

the complex conductivity of the bent films, which was compared with the DC conductivity of re-

flattened films measured via 4 probe measurements. THz-TDS was also used to measure the re-

flattened films before and after 1000 bending cycles. All THz-TDS results were fitted using a 

Drude-Smith model, and detailed numerical values of the DC conductivity of the AgNW/PET 

and AgNW/PI films are in Tables 6.2 and 6.3, respectively. 

As shown in Figure 6.5(c) and Table 6.2, the conductivity of the AgNW/PET film 

estimated through fitting process on the frequency dependent conductivity determined via THz-

TDS measurements is similar with the conductivity measured via 4 probe measurements. During 

1000 bending cycles, both the DC conductivity obtained via 4 probe measurement and THz-TDS 

did not exhibit significant differences (<3%), regardless of the bending cycle. 

 

Table 6.2 Summary of DC conductivity of AgNW/PET films during the bending test 

AgNW/PET 
Bending cycles (counts) 

Before 1 200 400 600 800 1000 

4-probe conductivity 

( 106Ý-1Ām-1) 
0.43 0.43 0.43 0.42 0.42 0.42 0.42 

THz-TDS 

conductivity 

( 106Ý-1Ām-1) 

0.30 0.30 0.30 0.30 0.31 0.30 0.30 
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Table 6.3 Summary of DC conductivity of AgNW/PI films during the bending test 

AgNW/PI 
Bending cycles (counts) 

Before 1 200 400 600 800 1000 

4-probe conductivity 

( 106 Ý-1Ām-1) 
0.58 0.58 0.58 0.58 0.58 0.58 0.58 

THz-TDS conductivity 

( 106 Ý-1Ām-1) 
0.57 0.58 0.58 0.59 0.58 0.58 0.59 

 

That said, there is a <3.5% different between the maximum and minimum values of the 

conductivity of the AgNW/PI film, as shown in Table 6.3 and Figure 6.5(d). The DC 

conductivity from Hall measurements does not exhibit significant differences. These results 

show that both of the PET substrate and the PI substrate are flexible and AgNW electrode is also 

stable under lots of bending cycles. These results demonstrate the possibility of conducting 

nondestructive measurements of bent samples using THz-TDS, which has not yet been 

comprehensively analyzed. THz-TDS can also be used for conventional flattened samples and is 

well-suited for analyzing the electrical properties or performing endurance tests. 

Based on these results, we have demonstrated that not only can THz-TDS 

nondestructively measure the conductivity of flattened and bent samples without contact, but that 

this method is also quite effective for studying the bending capability, which is a basic 

performance factor for electric devices. 

6.4 Conclusion 

In this work, we demonstrated that the conductivity of bent AgNW mesh transparent 

conductive films can be nondestructively measured using THz-TDS and a curved sample holding 

device. The conductivities of the AgNW/PET and AgNW/PI films with distinguishable 
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conductivities were determined by analyzing the THz-TDS spectra using a Drude-Smith model, 

which provides conductivity at 0 THz. The conductivities obtained from THz-TDS are in very 

good agreement with the values obtained via 4 probe measurement. In addition, the THz-TDS 

spectra of repeatedly bent films can be used to consistently check the reliability of the films. 

These results imply that THz-TDS is an effective, nondestructive technique for investigating the 

electrical properties of bent and flattened metal nanowire mesh films. 
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7. INVESTIGATION OF SILICON-GERMANIUM NANOWIRES THz EMISSION  

Semiconductor nanowires and nanostructures have a great potential for Terahertz (THz) 

generation and detection, especially because certain materials properties such as optical 

absorption, high electron and hole mobility, and short carrier lifetime can be engineered through 

structural changes and material compositions. In such structures, the variation in geometry and 

surface charge characteristics can greatly influence the dynamics of photoexcited carrier 

recombination, which is directly related to strength of the THz emission. Compared to thin films, 

nanowires dramatically increase the effective surface area which would have an important role in 

the absorption telling us they are promising materials for THz emission. In this work, we study 

theoretical and experimental investigation of the properties of THz generation in Si1-xGex NWs. 

Terahertz emission spectroscopy is used to generate THz pulses from the nanowire samples with 

various Ge contents, x, under increasing excitation laser pulse power. In order to understand the 

dominant mechanism or mechanisms lying under the THz radiation from Si1-xGex NWs, high 

frequency carrier dynamics is investigated via standard THz time-domain spectroscopy 

measurements and the valence band structure is explored via surface analysis in X-ray 

photoelectron spectroscopy measurements. According to our findings, we suggest that both 

intrinsic surface field and photo-Dember field are interfering constructively in THz emission 

from Si1-xGex NWs for x = 0.84.   
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7.1 Introduction 

Researchers have already been acquainted with the exceptional features of THz radiation 

for more than a decade which resulted in numerous applications including medical imaging for 

its harmless non-ionizing nature and security monitoring by use of many materialsô distinctive 

spectral fingerprints in this frequency region [1-12]. However, what is slowing down the arrival 

of possible future applications is the lack of powerful THz sources in a compact architecture 

which would occupy less space in the optical setup. Thus far, the most widely used method for 

THz generation has been the photoconductive (PC) switching since it was first introduced in 

1970s [13, 14]. Today most commonly used PC antenna semiconductor is low temperature 

grown GaAs (LT-GaAs) for its controllable carrier lifetime by the substrate temperature in 

epitaxial growth by Molecular Beam Epitaxy (MBE). For a semiconductor being accepted as a 

good THz source, it requires some important materials properties including high mobility and 

absorption, fast recombination rate, and short carrier lifetime. On the other hand, PC antennas 

require high bias voltage which contradicts with the less space occupying compact structure need 

we mentioned above. There has been an interest in unbiased THz generation from 

semiconductors since it is a simpler assembly than biased PC antennas. Since as early as 1990, 

we have known that THz waves can be generated from semiconductor wafer surfaces under the 

illumination of femtosecond optical pulses with an oblique angle (usually 45
o
 relative to the 

normal) [15]. 

THz emission occurs due to the ultrafast charge transport near the semiconductor surface 

upon photoexcitation [16]. As the dimension of materials changes from bulk (3D) to nanowires 

(1D), it shortens the carrier lifetime and increases the confinement of surface charges, resulting 

in a strong built-in electric field at the surface which acts just like the applied bias voltage 
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method for PC antennas. Also, if the bulk semiconductor is replaced with an array of nanowires 

(NWs), under the same ultrafast laser spot size the total effective surface area drastically 

increases resulting in a higher absorption of the femtosecond laser pulse which will play an 

essential role for the enhancement of the THz emission intensity. All these aspects suggest that 

one-dimensional nanostructures are promising devices for THz generation. In such structures, the 

variation in geometry and surface charge characteristics can greatly influence the dynamics of 

photoexcited carrier recombination, which is directly related to the strength of Terahertz 

emission. There have been reports addressing the increased efficiency in THz generation from 

one-dimensional nanostructures [17-26]. It should be noted that the geometrical shape of the 

nanowires may limit the penetration depth of the femtosecond laser pulse; therefore, the surface-

to-volume ratio becomes an effective factor for absorption of the optical pulse and the emission 

of the THz wave. A valuable study has been done on Ge NWs showing that THz pulse intensity 

emitted from Ge NWs is much stronger than that emitted from bulk Ge wafer [27].  

In this work, we are presenting THz wave generation from Si1-xGex NWs with various Ge 

contents, x. We will also be observing the THz emission from these nanowire ensembles under 

the illumination of femtosecond laser pulse with increasing power. In the light of these findings, 

the main emission mechanisms photo-Dember effect and intrinsic surface field acceleration will 

be discussed. 

7.2 Sample Preparation and Experimental Setup 

Si1-xGex NWs were synthesized by a Vapor-Liquid-Solid (VLS) method using an 

ultrahigh vacuum-chemical vapor deposition (UHV-CVD) system.  A 2 nm-thick Au film (as a 

catalyst) was deposited on a cleaned Si (111) substrate in a metal growth chamber at a growth 

pressure of ~5×10
-7
 torr (deposition rate: 0.1 ӵ/sec) by thermal evaporation.  The sample was in-
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situ transferred to the main chamber where it was annealed at a pressure of ~1×10
-8
 torr for 5 min 

at 450 
o
C, which is the same as the growth temperature, resulting in the formation of Au-Si alloy 

droplets from the Au film on the Si substrate.  After the formation of droplets, Si1-xGex NWs 

were synthesized by filling the main chamber with a mixture of SiH4, GeH4 as precursors and H2 

as the carrier gas, while maintaining a fixed total pressure of 2 torr.  To vary the Si-Ge alloy 

composition, the ratio of SiH4 to GeH4 was adjusted to 18 to 2, 16 to 4, 13.3 to 6.7, 10 to 10, and 

6.7 to 13.3 at the same H2 content of 100 sccm.  The length of the Si1-xGex NWs could be equally 

tuned to about 6 ɛm (Ñ 0.5) by controlling the growth time. The relative concentration of the Si1-

xGex NWs was examined by energy dispersive X-ray (EDX) and plotted with respect to inlet gas 

ratios of SiH4 to GeH4 in Figure 7.1. The bandgap energies (Eg) of these samples are governed 

by the equation 1.12-0.41x + 0.008x
2
 eV  for x < 0.85 where x is the Ge content of the Si1-xGex 

alloy. The relative concentrations of Si (1- x) and Ge (x) and the bandgap energies for the 

corresponding concentrations are summarized in Table 7.1 along with the inlet gas ratios of SiH4 

to GeH4. Cross-sectional Scanning Electron Microscope (SEM) images of the Si1-xGex NW 

ensembles are shown in Figure 7.2 for these relative Ge concentration (x). 

 

 

Figure 7.1 The relative concentration of the 

Si1-xGex NWs as a function of the ratio of 

SiH4 to GeH4. The Ge content, x, is 0.29, 

0.37, 0.52, 0.74, and 0.84 for SiH4 : GeH4 

ratio of 18:2, 16:4, 13.3:6.7, 10:10, and 

6.7:13.3, respectively. 
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Table 7.1 Summary of relative Si and Ge concentrations and the corresponding bandgap energies 

SiH4:GeH4 
Si concentration 

(at.%) 

Ge concentration 

(at.%) 

Bandgap Energy, Eg 

(eV) 

18:2 70.52 29.48 1.00 

16:4 63.13 36.87 0.97 

13.3:6.7 48.08 51.92 0.91 

10:10 25.98 74.02 0.80 

6.7:13.3 15.72 84.28 0.78 

 

 

 

 

Figure 7.2 Side-view SEM images of the Si1-xGex NWs with the Ge content of x = 0.29, 0.37, 

0.52, 0.74, and 0.84. 

Figure 7.3 depicts the experimental set-up we used to generate THz pulses from our Si1-

xGex NWs. The experiment was conducted by using a mode-locked Ti:Sapphire ultrafast laser at 

a wavelength of 790nm which has an energy of 1.57 eV. This laser provides 120 fs pulses with a 

repetition rate of 76 MHz which was split into two for emission and detection purposes. The 

laser pulse on the emission path is modulated through a chopper, whose frequency (f = 2.4 kHz) 
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is used as reference for detection, and then it is focused on the NW samples to generate THz 

pulses. The emitted THz pulses are collimated with a 90
o
 off-axis parabolic mirror and focused 

on a PC antenna with another 90
o
 off-axis parabolic mirror. In order to obtain a full spectrum, the 

ultrafast laser pulse split for detection path travels through a motorized delay stage, and it is 

focused on the PC antenna detector. The output of the PC antenna is connected to a lock-in 

amplifier which uses the chopperôs frequency as reference to distinguish the THz waves from all 

other detected surrounding signals. 

 

Figure 7.3 Diagram of the experimental set-up used for THz generation from the NW samples. A 

mode-locked 790nm Ti:Sapphire ultrafast laser was used both to excite the NW samples and to 

probe the PC antenna detector. 

 

A half-wave plate and a beam splitter pair was added on the pump beam path (emission 

path) so that we could run THz generation measurements with varying pump beam power to 

observe the dependency of radiated THz pulses on the excitation power.  
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7.3 Results and Discussion 

Built-in surface field and photo-Dember field are the main mechanisms in THz wave 

emission from a semiconductor surface which can act together constructively in emission 

process, or only one of them might be the mechanism in effect. When a semiconductor surface is 

excited by ultrafast laser pulses, the photo-generated carriers are accelerated by built-in surface 

electric field originated from the difference in Fermi levels of a surface state and inside the bulk 

and/or by photo-Dember field originated from difference in diffusion coefficients of electrons 

and holes due to difference in effective masses. The transient photocurrent generated due to these 

fields results in radiating THz pulses. Figure 7.4(a) displays the time domain waveform of the 

THz pulses emitted from the Si1-xGex NWs with various Ge content, x, from 0.29 to 0.84 at a 

fixed pumping laser power (500 mW). A clear increasing trend can be seen in emitted THz 

amplitude with the increase of Ge content. In order to determine which mechanism is playing an 

effective role for THz emission, further analysis is required such as observing the radiation of 

THz under various powers of the excitation laser pulse. Peak to peak amplitude of radiated THz 

field as a function of Ge content (x) for 100 mW, 300 mW, and 500 mW pump powers is 

presented in Figure 7.4(b). When Ge content increases from 0.29 to 0.84, emitted THz amplitude 

increases for all pump powers monotonously, but with different slopes. 
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Figure 7.4 (a) THz pulses generated from the surface of the Si1-xGex NWs for  different Ge 

content, x, (b) Peak-to-peak amplitude of the THz field emitted from each  Si1-xGex NW array 

with different Ge content under the illumination of pump powers of 100 mW, 300 mW, and 

500mW. 

 

It is clear that the emitted THz wave amplitude as a function of Ge content x rises with 

higher steps at high pump power compared to that at low power excitations, yet we canôt deduce 

either built-in surface field or photo-Dember field plays the main role in emitting THz pulses. 

Figure 7.5 focuses on specifically three samples with low-, mid-, and high-Ge contents (x = 0.29, 

0.52, and 0.84, respectively), and shows the THz amplitudes radiated from these samples under 

excitation laser powers from 50 mW to 500 mW for every 50 mW. When we observe emitted 

THz amplitude with respect to excitation pump power, it reveals an interesting trend: THz 

emission from x = 0.29 saturates in low pump powers compared to other samples, x = 0.52 does 

not indicate an obvious increase in emitted THz amplitude until 200 mW pump power but 

increases linearly afterwards, and x = 0.84 shows a linearly increasing trend in radiated THz field 

for all pump powers. In order to fully comprehend these particular THz emission mechanisms 

occurring in these Si-Ge alloys, we need to analyze the band structures and carrier dynamics with 

respect to Ge content. 
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Figure 7.5 THz amplitude with respect to excitation pump power for Si1-xGex NWs samples with 

x = 0.29, x = 0.52, and x = 0.84. 

 

The emitted THz field amplitude is directly proportional with transient photocurrent, 

ὐὸ, which is generated by rapid acceleration of photo-generated carriers in either built-in 

surface field or photo-Dember field. The photocurrent is defined as ὐὸ Ὡ‘ЎὲὉ, where ‘ is 

the carrier mobility,  Ўὲ  is the photo-generated carriers, and Ὁ is the built-in surface field. We 

will investigate the THz emission mechanism in terms of built-in field Ὁ and carrier mobility ‘. 

To obtain the Fermi energy and the carrier concentration at the wire surface, the valence band 

spectra of Si1-xGex NWs for x = 0.29, 0.52, and 0.84 were measured by using X-ray 

Photoelectron Spectroscopy (XPS), which gave information on the charge distribution at the 

Fermi edge (valence band offset, ȹEv, determines the Fermi energy, Ef). The built-in surface field 

can be defined as Ὁ ὼ
 

, which is explained in detail somewhere else [27]. 

Intrinsic carrier concentration (ὲ  of Si1-xGex NWs was determined by a linear approach (ὲ is 

~10
10

 cm
-3
 and ~2.4×10

13
 cm

-3
 in Si and Ge, respectively). Surface carrier density (Nd) calculated 

using the extracted Ef , intrinsic carrier concentration (ὲ), and calculated built-in surface field 
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(Ὁ) are presented as a function of Ge content in Table 7.2. The difference in THz emission 

between x = 0.29 and x = 0.52 in Figure 7.5 can be explained by the difference in built-in field at 

the wire surfaces. In addition to that, the saturated emission profile of x = 0.29 can be attributed 

to deficiency in vertical alignment of the nanowires seen in the SEM image (Figure 7.2) since 

directionality becomes important in radiation from semiconductor surfaces [28]. Even though the 

high built-in field of x = 0.84 might explain the strong THz emission by itself, it canôt account 

for the linear increasing emission trend with the increasing excitation power. Therefore, we 

suggest that for the sample with x = 0.84 not only high built-in surface field plays a role, but also 

photo-Dember field interferes constructively for the THz emission which explains why the THz 

radiation increases almost-linearly with the pump beam intensity [29]. Another way to verify the 

effect of photo-Dember effect is looking into the carrier mobility such that photo-Dember field 

would be more dominant in the presence of a higher mobility. The electron mobilities for x = 

0.29, x = 0.52, and x = 0.84 are reported as ~200 cm
2
/Vs,  ~200 cm

2
/Vs, and ~1300 cm

2
/Vs [30], 

respectively which also supports why photo-Dember field is more dominant in x = 0.84 

compared to others.  

Table 7.2 Summary of built-in surface field as a function of Ge content 

Ge concentration, x ni (cm
-3
) 

Surface carrier density, Nd 

(cm
-3
) 

Built -in surface field, Eb 

(V/cm) 

0.29 0.69 x 10
13

 7.3 x 10
15

 27.35 

0.52 1.25 x 10
13

 1.6 x 10
16

 33.09 

0.84 2.02 x 10
13

 6.8 x 10
17

 870.3 

 

A further analysis was made on x = 0.84 using THz Time Domain Spectroscopy (THz-

TDS) to determine the carrier mobility. The experimental setup and the mathematical tools to 

obtain series of materials properties and carrier dynamics are explained elsewhere in details [31]. 
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Once refractive index was extracted through a numerical iteration process, conductivity was 

calculated. Then, utilizing a Drude model for the fitting process, we finally obtained an electron 

mobility of 1615 cm
2
/Vs. This mobility value is as high as the reported value which supports the 

idea of photo-Dember field. Figure 7.6 shows the calculated conductivity as well as the fitting 

curve.  

 

Figure 7.6 Real part of the frequency dependent complex conductivity of Si1-xGex (x = 0.84) and 

the curve fit by the Drude-Smith model resulting with a carrier mobility m = 1615 cm
2
/Vs. 

 

An earlier report suggested that the main THz emission mechanism occurring in Ge NWs 

is built-in surface field [27]. On the other hand, other reports on black Si [32] and Si NW [18] 

arrays proposed that photo-Dember effect is the active mechanism for generation of THz pulses. 

We are suggesting that both intrinsic surface field and photo-Dember field are interfering 

constructively for THz emission from Si1-xGex (x = 0.84) NWs, and the linear power dependence 

profile of this sample implies that the maximum excitation power we applied (500 mW) is below 
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the saturation level for x = 0.84, and it can potentially generate stronger THz radiation when it is 

pumped with more intense laser pulse. 

7.4 Conclusion 

In summary, we have characterized Si1-xGex NWs to determine their suitability as a THz 

wave source. THz emission was observed as a function of not only Ge content, x, but also 

excitation laser pulse power. Detailed investigation was carried out in order to determine the 

dominant mechanism(s) playing role in THz emission from these NWs. High frequency carrier 

dynamics was studied by THz-TDS and a carrier mobility of 1615 cm
2
/Vs was extracted. 

Furthermore, surface analysis was achieved via XPS, and we concluded that both photo-Dember 

effect and intrinsic surface field acceleration contribute to the THz radiation from Si1-xGex NWs 

for x=0.84. 
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8. HIGH EFFICIENT THz EMISSION FROM UNBIASED AND BIASED 

SEMICONDUCTOR NANOWIRES FABRICATED USING 

ELECTRON-BEAM LITHOGRAPHY
À
 

Emerging trend on THz emission from semiconductor NWs due to the increase in optical 

absorption by having a much larger effective surface area compared to that of films has already 

been mentioned. According to our understanding of the reports on generation of THz waves from 

various nanostructured semiconductors summarized in chapter 3, the bottom line is 

morphological features of the NWs, e.g., vertical alignment, fixed diameter, and uniform 

distribution along the whole array are very crucial for the emission of THz radiation from 

semiconductor NW arrays. Having a full control on these parameters becomes the new goal on 

the way for an enhanced NW-based THz source. Therefore, we suggest a top-down 

nanofabrication method utilizing electron-beam lithography and plasma etching for the 

preparation of the emitter NWs as opposed to conventional bottom-up growth methods. 

Nanowires prepared with this nanofabrication technique exhibit fixed diameter and length along 

the whole NW array with excellent vertical alignment and perfect uniform distribution which 

play important role in the enhancement of THz emission from these fabricated NWs. Moreover, 

besides having perfect control on structural features such as vertical alignment and uniform 

distribution by fabricating the wires via e-beam lithography and etching process, we also 

investigated the THz emission from these fabricated nanowires when they are applied DC bias 

voltage. To be able to apply a voltage bias, an interdigitated gold (Au) electrode was patterned 

on the high quality InGaAs epilayer grown on InP substrate by Molecular Beam Epitaxy.

                                                 
À This chapter is a published work of the author of this dissertation: Balci, Soner, et al. "High Efficient THz Emission from Unbiased and Biased 

Semiconductor Nanowires Fabricated Using Electron Beam Lithography." IEEE Journal of Selected Topics in Quantum Electronics (2017). 
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Afterwards, perfect vertically aligned and uniformly distributed nanowires were fabricated in 

between the electrodes of this interdigitated pattern so that we could apply voltage bias to 

improve the THz emission. As a result, we achieve enhancement in the emitted THz radiation by 

~4 times, about 12dB increase in power ratio at 0.25 THz with a DC biased electric field 

compared with unbiased NWs. 

8.1 Introduction 

It has been well known for more than two decades that terahertz (THz) waves can be 

generated from semiconductor surfaces when excited by femtosecond optical pulses with an 

oblique angle [1-6]. As the dimension of the material changes from 3D bulk to an array of 1D 

nanostructures such as nanowires (NWs), under the same ultrafast laser spot size, the total 

effective surface area drastically increases resulting in a higher absorption that will play an 

essential role for enhanced THz emission intensity, which makes one-dimensional nanostructures 

attractive to generate high power THz radiation. In addition, intrinsic carrier lifetime can be 

modified in nanowires especially with increased surface states, which can have additional 

freedom by removing the defect engineering like in low temperature grown GaAs. [7]  

Accordingly, there have been a number of reports that present THz emission from various 

types of nanostructures and materials, including some of which indicate an increased efficiency 

in THz emission from one-dimensional nanostructures [8-23]. One of these reports studied the 

THz emission as a function of the wire length, which induces the idea of having an array of NWs 

where all the wires have a desired fixed length for a more efficient THz emission [8]. Another 

report shows that THz radiation intensity is strongly dependent on the uniformity of the NWôs 

diameter and distribution, which suggests the idea of having a uniformly distributed NWs array 

with fixed diameter and pitch would be significantly important [9]. Also, the relation between 
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efficiency of THz emission and vertical alignment of the NWs was studied which implies that 

having an array of NWs with excellent vertical alignment is very crucial for an efficient THz 

emission [10]. Most of the NW samples studied for THz generation, however, were prepared by 

bottom-up growth processes, such as vapor phase epitaxy (VPE) and chemical vapor deposition 

(CVD) in growth mode with metal catalysis, which limits the control of various required 

parameters discussed above. Such bottom-up processing, even though they have been improved a 

lot by some techniques, is still lacking of full control on structural geometry of the wires, i.e., 

aspect ratio, vertical alignment, and uniform distribution. Since these structural features play a 

crucial role on the efficiency of THz emission, we propose a top-down processing approach, 

fabricating the NWs using e-beam lithography and etching by which we can achieve excellent 

vertical alignment and perfectly uniform distribution of the NWs. In addition to enhancement of 

THz emission from NWs with the perfect structural geometry control, here we also report 4x 

improvement of the THz emission at 0.25 THz further, which is about 12dB increase in power 

ratio, by applying a DC bias field across fabricated nanowires, which can contribute to the 

acceleration of photo-carriers induced by the excitation laser pulse. This is only possible with 

fabrication that utilizes patterning of structures with e-beam lithography. In order to apply a DC 

voltage bias to the fabricated NWs, we designed and fabricated interdigitated electrodes patterns 

with various spaces where the NWs are fabricated in between. We report, to the best of our 

knowledge, the very first demonstration of THz emission from biased vertically aligned 

semiconductor nanowires.  
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8.2 Experimental Setup for THz Generation 

The THz emission spectroscopy used to generate and detect THz radiation from the 

fabricated NWs is depicted in Figure 8.1. The experiment was conducted by using a mode-

locked Ti:Sapphire ultrafast laser at a wavelength of 790 nm. This laser provides 120 fs pulses 

with a repetition rate of 76 MHz, which was split into two for emission and detection purposes. 

The laser pulse on the emission path is modulated through a chopper, whose frequency (2.4 kHz) 

is used as reference for lock-in detection, and then it is focused on the NW samples to generate 

THz pulses. NWs samples were mounted to have an incident angle of 45 degree of infrared laser 

pulse, which shows highest intensity of THz pulse after testing different angles. The emitted THz 

pulses are collimated with a 90
o
 off-axis parabolic mirror and focused on a photoconductive 

antenna (PCA) with another 90
o
 off-axis parabolic mirror. In order to obtain a full spectrum, the 

ultrafast laser pulse split for detection path travels through a motorized delay stage, and it is 

focused on the PCA detector.  In addition, a half-wave plate and a beam splitter pair was added 

on the pump beam path (emission path) so that we could run THz generation measurements with 

varying pump beam power to observe the dependency of radiated THz pulses on the excitation 

power. Since the PCA detector has the best performance with the 790 nm laser, we chose to use 

the same wavelength for generation from NWs, even though InGaAs NWs can be pumped with 

1.5 mm laser. 
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Figure 8.1 Experimental set-up used for generation of THz pulses from the fabricated NW 

samples. A mode-locked 790nm Ti:Sapphire ultrafast laser with a pulse width of 120 fs was used 

for both pump and probe beams. 

 

8.3 Choice of Material 

Two of the main mechanisms for THz emission from semiconductors upon illumination 

at an oblique angle are photo-Dember effect and intrinsic surface field acceleration which are 

explained in chapter 2. Either one of these mechanisms can play the dominant role in the 

emission of THz pulses, or both mechanisms can interfere constructively for an enhanced 

emission. In order to select the proper test material for an enhanced NW-based THz source, 

materials properties important for THz emission are compared among potential candidates as 

shown in Table 8.1. Besides generating a stronger unbiased THz radiation due to perfect control 

on morphological features of the NWs, the idea for further enhancement of the THz emission 

from fabricated NWs is applying a bias field to the NWs which could potentially contribute to 

the acceleration of photocarriers induced by the excitation laser pulse. For this purpose, InGaAs 

was chosen as the main test material of this study for its relatively higher bandgap energy 

resulting in stronger depletion field and intrinsic surface field compared to narrower bandgap 
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semiconductor such as InAs and relatively higher breakdown field compared to InAs which 

would be essential when bias field is applied. 

Table 8.1 Summary of materials properties of InAs, In
0.53
Ga
0.47
As, and InP. 

 
Bandgap 

(eV) 

Intrinsic Carrier 

Concentration (cm
-3
) 

Mobility_e 

(cm
2
/V.s) 

Mobility_h 

(cm
2
/V.s) 

Breakdown 

Field (V/cm) 

InAs 0.354 110
15 40,000 500 ~410

4 

In
0.53
Ga
0.47
As 0.74 6.310

11 12,000 300 ~210
5 

InP 1.344 1.310
7 5,400 200 ~510

5 

 

8.4 THz Emission from Unbiased Nanowires 

The samples discussed here are fabricated at the state-of-the-art cleanroom user facility in 

the Center for Nanoscale Materials at Argonne National Laboratory. For InP, we used high 

quality undoped substrates obtained from the manufacturer. For InGaAs, high quality lattice 

matched 1.2 µm thickness of InGaAs epilayer (In composition of 53%) was grown on InP 

substrates by Molecular Beam Epitaxy. Step by step top-down preparation of the NWs via 

nanofabrication techniques is depicted in Figure 8.2. The fabrication process began with bare 

wafers (either InP or InGaAs) for unbiased NWs. A thin SiO2 adhesion layer was deposited on 

the wafers by PECVD (plasma-enhanced chemical vapor deposition) followed by spin coating of 

a negative resist HSQ (hydrogen silsesquioxane). E-beam lithography was used to write the 

pattern of the NWs on the wafers. Since the resist is negative tone, only the areas corresponding 

to the top view of the NW array were exposed to e-beam. Upon resist development by MF CD-

26 developer, the NWs pattern is transferred to the resist which is to be used as a mask during 
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plasma etching as it can be seen in Figure 8.2. Various pitch sizes were attempted to increase and 

decrease the NWs densities, but limited the variety acquired due to required time of the e-beam 

writing. The best results have been obtained for 1 mm, 1.5 mm, and 2 mm pitches for InP and 2 

mm pitches for InGaAs. Through a plasma etching process and removal of the resist by HF 

(hydrofluoric acid), the NWs pattern is transferred to the substrates yielding perfectly aligned 

NWs on both InP and InGaAs substrates, which were distributed exquisitely uniform along the 

wafer with a fixed pitch length on both x and y axes as shown in the SEM (scanning electron 

microscopy) of Figure 8.3 (a)-(c). 

 

Figure 8.2 Fabrication process of the excellent vertically aligned and uniformly distributed NWs 

utilizing e-beam lithography and plasma etching. 

 

Time-domain signal of THz waves and corresponding peak-to-peak amplitudes generated 

from fabricated InP NWs with pitch sizes of 1.0 µm, 1.5 µm, and 2.0 µm, and InGaAs NWs with 

2.0 µm pitch size are compared in terms of total surface areas and shown in Figure 8.3 (d)-(e). 
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The varied nanowire densities are 1x10
8
 cm

-2
, 4.4x10

7 
cm

-2
, and 2.5x10

7 
cm

-2
 for the pitch values 

of 1.0 µm, 1.5 µm, and 2.0 µm, respectively. The diameters for InP NWs samples for 1.0 µm and 

2.0 µm pitch size are 200 nm, and 300nm for 1.5 µm pitch-sized InP NWs, while InGaAs NWs 

sample has an average diameter of ~100 nm. Although the wire lengths are inversely 

proportional with the wire densities for these samples (ὰ ὰȢ ὰ ), still the total 

surface areas become 7.06 mm
2
, 7.07 mm

2
, and 2.95 mm

2
 for InP NWs with 1 µm, 1.5 µm, and 2 

µm pitch, respectively, and 1.9 mm
2
 for InGaAs NWs with 2.0 µm pitch. By increasing the pitch, 

nanowire densities would decrease, which results in decreasing effective surface area where the 

pump beam is to be absorbed. Note that even though wire concentration is lower, total surface 

area of 1.5 µm pitch-sized InP NWs is close to that of 1.0 µm pitch-sized one, which can be 

attributed to the greater diameter and length of 1.5 µm pitch sample compared to 1.0 µm pitch 

one. THz emission gets stronger when total surface area increases as it is observed in case of InP 

NWs samples in Figure 8.3(e). However, THz wave radiation from InGaAs NWs was stronger 

than that of InP NWs even though nanowire density and total surface area were smaller. This 

result can be explained by the higher carrier concentration and greater electron mobility of 

InGaAs, 6.3x10
11

 cm
-3
 and  12,000 cm

2
V

-1
s

-1
, compared to those of InP, 1.3x10

7
 cm

-3
 and 5,400 

cm
2
V

-1
s

-1
, and hence InGaAs NWs is better suited for THz sources compared to InP considering 

the enhanced efficiency of about 2.5 times achieved with same excitation power. 
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Figure 8.3 (a)-(c) SEM images of fabricated InP and InGaAs NWs. (d) Emitted time-domain 

THz radiation in comparison with different surface areas. (e) Peak to peak intensity comparison 

of the THz signals in (d). The wire diameters of InP NWs in (a) and (b) are 200 nm while 

InGaAs NWs in (c) have an average diameter of ~100 nm. The length of the wires are (c) > (b) > 

(a) resulting in total surface areas of 7.06 mm
2
 (a), 2.95 mm

2 
(b), and 1.9 mm

2 
(c), respectively. 

 

 

We tested THz emission from the fabricated NWs samples under the illumination of 

ultrafast laser pulse with two different linear polarizations: p- and s- polarized (Figure 8.4). The 

arrows on the NWs indicate the direction of the oscillation of the electrons confined to the 

surface of the nanowires under each polarization. The measurement exhibits that for a more 

efficient THz emission, the NW ensemble should be excited by p-polarized femtosecond laser 

pulse which would oscillate the charges along the wire resulting in a THz radiation in the 
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direction of the surface normal of NWs. 

 

Figure 8.4 THz emission from fabricated NWs when excited by two different linearly polarized 

femtosecond laser pulse. 

 

In order to study the excitation power dependence of THz emission from InGaAs NWs 

with an average diameter of ~100 nm as shown in Figure 8.3(c), the power of pump beam 

exciting the InGaAs NWs with 2.0 µm pitch size (it will be called InGaAs #0 from this point on 

for convenience) was linearly increased while dependence of THz radiation was observed in 

Figure 8.5(a). It can be seen that the radiated THz field from the fabricated InGaAs NWs 

increases with the increasing pump power, but the increment gets smaller when we escalate the 

pump power. This result can be observed more clearly when we look at the peak-to-peak THz 

field amplitude with varying pumping power for InGaAs #0 in Figure 8.5(b), which states that 

THz emission saturates even though the excitation power kept increasing. This saturated profile 

is attributed to the penetration depth of 790 nm light into InGaAs, which is ŭ790nm = ~200 nm 

[24]. The absorption of the infrared (IR) laser pulse by the InGaAs NWs with the diameter of 

100 nm saturates while excitation power increases due to the penetration depth which results in a 

saturated profile of the emitted THz pulse from these NWs. In addition, we observed THz 
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emission pulse width of about 4 ps (1ps of FWHM of the main pulse) from the THz emission 

spectrum, which is significantly shortened in pulse width compared to the one generally obtained 

from commercial PCAs based on InGaAs bulk materials and other reported values [25]. THz 

spectral amplitude in frequency domain is calculated and plotted in Figure 8.5(c) for 300 mW 

pump power as an example. This clearly confirms the broadening in bandwidth which is well 

above 1.0 THz compared to Ò1.0 THz bandwidth of most of commercially available InGaAs 

based PCAs. It is evident that NWs can modify the carrier lifetime especially with different 

surface states, since the THz generation mechanism is strongly correlated with surface states. 

 

 

Figure 8.5 (a) Emitted THz fields from the fabricated InGaAs NWs surfaces (pitch = 2.0 µm, dia. 

= ~100 nm) with varying pump power. (b) Saturated profile of peak-to-peak amplitude of the 

THz emission with increasing pump power (c) Spectral amplitude of THz pulse in frequency 

domain, FFT from signal in (a) at 300 mW. Bandwidth is well above 1.0 THz. 
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To achieve an improvement in the enhanced THz emission, we attempted to optimize the 

InGaAs NW fabrication process to increase the density and enlarge the diameter. Writing the 

NW pattern on the substrates by e-beam lithography is essential for sub-micron processing and 

quite economical since it does not require new photomasks to be made for each corrected layout 

at the development stage. However, there are limitations in achieving high resolution in dense 

patterns. The resolution in e-beam lithography is mainly limited by the proximity effect, which is 

caused by the scattering of the electrons in resist and the substrate [26]. When an area is exposed 

by the incident beam, the nearby areas may also be affected by this exposure due to the scattering 

as simply depicted in Figure 8.6(a). This phenomenon limits the minimum feasible pitch size, 

hence the NW density, with respect to the resist thickness required for the desired etch depth of 

the underlying material. In addition, to pattern a large array in reasonable writing time, relatively 

high currents are used which increases the proximity effects. Figure 8.6(b) shows the SEM image 

of a test sample with a diameter of 270 nm and a pitch size of 450 nm. The wires on the edges 

look reasonable as it is shown in Figure 8.6(c); however, when we move towards the center of 

the sample, we see nanowire pattern is not written properly resulting in wires physically touching 

each other with the resist as seen in the inset of Figure 8.6(c). Therefore, diameter and the pitch 

size are still need to be adjusted in order to achieve an optimized fabrication. 
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Figure 8.6 (a) Proximity effect limits the resolution in e-beam lithography due to the scattering of 

electrons in resist and the substrate. Exposure at pixel i may affect pixel j. (b) SEM image of an 

over-exposed sample. (c) Magnified image of the edge of part (b) shows distinctive nanowire 

pattern; however, if we move towards the center of the array, the wires seem to be connected to 

each other with the resist, HSQ due to the overexposure seen in the inset of part (c). 

 

Another point that should be considered is the aspect ratio which is the ratio of length of 

the wire to its diameter. Aspect ratio is limited by the plasma etching process, structural 

properties of the semiconductor material, and resist thickness. Increasing the resist thickness 

could potentially improve the aspect ratio during etching resulting in longer wires; however, it 

would also increase the proximity effect during e-beam lithography resulting in low resolution in 

dense patterns which means the wire density would have to be decreased. After long trials, we 

have achieved a decrease in the pitch size of the NWs array from 2.0 µm to 600 nm with a 

diameter of 300 nm as shows in Figure 8.7. With optimized e-beam exposure and diameter and 
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pitch sizes, clearly distinctive nanowire patterns were achieved both on the edges and center 

(inset of Figure 8.7) of the sample. 

 

Figure 8.7 SEM image of a successfully optimized sample with a diameter of 300 nm and pitch 

size of 600 nm. Both edges and center of the sample shows clear NW patterns. 

 

Once the e-beam exposure and the resist development steps are optimized, next 

parameter to adjust is the etching process in order to obtain NWs with desired morphology. SEM 

images of InGaAs #0 (2 mm pitch size) and two new 600 nm pitch-sized samples (InGaAs #2 and 

InGaAs #4) are shown in Figure 8.8 (a)-(c). Plasma etching for InGaAs #0 was carried out with 

less gas input (Cl2 and BCl3) and low pressure at a temperature as high as 250
o
C, while InGaAs 

#2 and #4 were etched with double gas amount at a temperature of 50
o
C under varied pressure 

values for each of them. The resultant morphology shows differences as it can be seen in Figure 

8.8 (a)-(c) due to these varying etching parameters. It can clearly be seen that the NW density 

increased by ~10 times for InGaAs #2 and #4 compared to InGaAs #0, and also the diameters of 

do not experience an undercut as it is for InGaAs #0. However, the length of the wires decreased 

due to the temperature and pressure change during etching process. The wire densities and 
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surface areas are summarized in Table 8.2. Even though the lengths decreased, still the decrease 

in pitch size clearly increased the total effective surface area resulting in a significant 

enhancement in THz emission with increasing pump power as it can be seen in Figure 8.8(d). 

InGaAs #4 is slightly longer and thicker than InGaAs #2; therefore, the total surface area and -as 

a result- THz emission are larger for InGaAs #4 compares to InGaAs #2.  

Table 8.2 Surface area summary of InGaAs NWs. 

 

NW density 

(cm
-2
) 

Total # of NWs 

whole sample 

Total surface area of 

1 NW (µm
2
) 

Total surface area 

whole sample (mm
2
) 

InGaAs #0 2.5 10
7
 6.25 10

6
 0.304 1.90 

InGaAs #2 2.78 10
8
 6.9 10

7
 0.203 14.0 

InGaAs #4 2.78 10
8
 6.9 10

7
 0.443 30.6 

 

In this case, since the diameter of the InGaAs #2 and #4 (~300 nm) was chosen to be 

reasonably larger than ŭ790nm, saturation in pump power dependence was not observed unlike 

InGaAs #0, and emission values reach ~6 times increase of THz emission at 500 mW compared 

to InGaAs #0. Before we move on to the biased NW-based THz emission, we compared the THz 

waveforms generated from conventionally bottom-up grown SiGe and Ge NWs and top-down 

fabricated InP and InGaAs NWs in Figure 8.8(e). It is clear that InGaAs #4 has the strongest 

THz emission among all various NWs samples. In order to utilize the long height of InGaAs #0 

and density and robustness of InGaAs #4, the temperature and pressure parameters will be 

optimized, e.g., higher temperatures with adjusted pressure and duration, for the NWs that will 

be discussed in the next section for THz generation from NWs under bias field.  
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Figure 8.8 SEM images of (a) InGaAs #0 with 2 mm pitch, (b) InGaAs #2 with 600nm pitch, and 

(c) InGaAs #4 with 600 nm pitch. (d) Comparison of pump power dependence of THz emission 

from three different structured InGaAs NWs. (e) Comparison of emission of THz radiation from 

conventionally bottom-up grown SiGe and Ge NWs and top-down fabricated InP and InGaAs 

NWs. Emission from SiGe NWs is magnified by 10 for clarity. 

 

8.5 THz Emission from Biased Nanowires 

Besides the enhancement of THz emission due to the control on structural geometry such 

as excellent vertical alignment and perfectly uniform distribution, we suggest further 

enhancement by applying a DC bias field to the NWs which would potentially improve the 

acceleration of the photo-induced carriers upon illumination by the laser pulse.  
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The InGaAs epilayer used for biased NWs is same as the one used for unbiased NWs. In 

order to be able to apply bias voltage to the NWs, prior to the fabrication of NWs, an 

interdigitated electrodes pattern was designed and deposited with a 5 nm Ti adhesion layer 

followed by 90 nm of Au layer on the InGaAs epilayer. The total active area where NWs are to 

be fabricated is 4 mm X 4 mm. Each electrode has a width of 20 µm and is separated by 50 µm 

from each other. Fabrication process of NWs in between the electrodes is depicted step by step in 

Figure 8.9. The fabrication process begins with the InGaAs layer on which the interdigitated 

electrodes are fabricated. Then, a SiO2 adhesion layer was deposited by PECVD followed by 

spin coating of resist for e-beam lithography. Due to the large area of the electrode pattern, the 

total area where protection from etching was required increased significantly. In this case, for 

negative tone resist, e-beam exposure area and time required would be impractical. For this 

reason, positive tone resist was used this time, where e-beam lithography was utilized to expose 

only the area around the wires, which is the area to be etched. The NWs pattern written by e-

beam lithography had the dimensions optimized for the unbiased NWs; i.e., a pitch size of 600 

nm and a diameter of 300 nm. Through SiO2 etching, the pattern was transferred to the SiO2 hard 

masking layer followed by InGaAs etching resulting in perfect vertically aligned and uniformly 

distributed NWs in between the interdigitated electrodes. 
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Figure 8.9 Fabrication process of the excellent vertically aligned and uniformly distributed NWs 

in between the electrodes of interdigitated pattern. Ti/Au interdigitated electrodes pattern was 

deposited on the top of the InGaAs layer prior to the fabrication of NWs. 

 

The diagram of interdigitated electrodes and NWs in Figure 8.9 show a very simplified 

depiction of the structure. It should be noted that the actual device has greater number of 

electrodes and NWs. One of the challenges for this fabrication is the precision required in order 

to align the NW patter in between the interdigitated electrodes. Since electrodes pattern is 

deposited first, the NW pattern has to fit perfectly in between the electrodes during the e-beam 

writing process. For this precise alignment, two larger alignment marks on left and right sides at 

the outside of the interdigitated pattern and four smaller alignment marks located four inner 

corners of the interdigitated pattern are utilized. Figure 8.10(a) is the optical microscope image 
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of a slightly misaligned NW pattern in between the electrodes. As it can be seen in the magnified 

image, about 10% of the NWs are written on top of the electrodes. Carefully utilizing the two 

large outer alignment marks and four smaller alignment marks on inner corners of the 

interdigitated pattern, perfectly aligned NWs in between the electrodes are achieved. As it can be 

seen in Figure 8.10(b), wires are precisely written along the gap between the electrodes with no 

overlapping. 

 

Figure 8.10 (a) Misaligned and (b) perfectly aligned NWs in between the interdigitated 

electrodes by using two outer and four inner alignment marks. 

 

Figure 8.11 shows the enlarged SEM images of the electrodes and closer SEM images of 

fabricated NWs. In order to assemble a complete device with a convenient electrical interface for 

the voltage bias, a printed circuit board (PCB) was designed as it can be seen in Figure 8.11 and 

wire-bonding was utilized between the PCB and the interdigitated pattern. 
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Figure 8.11 SEM images of interdigitated electrodes pattern with fabricated NWs in between 

them. Fabricated NWs with interdigitated pattern wire-bonded to PCB to be able to apply bias 

field. Electrodes pattern was deposited with 5 nm Ti / 90 nm Au on InGaAs epilayer. Each 

electrode has a width of 20 mm and is separated by 50 mm from each other. The total active area 

where NWs are fabricated is 4 mm X 4 mm. 

 

Utilizing the same THz emission spectroscopy setup in Figure 8.1 while applying a DC 

voltage bias at the same time, various characterization of THz emission from InGaAs NWs 

fabricated in between the interdigitated electrodes were performed. The time domain amplitudes 

(peak to peak) of the THz emission were compared for increased bias voltages of pump power 

from 100 mW to 500 mW as it is shown in Figure 8.12(a). 

5
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Figure 8.12 (a) Peak-to-peak amplitude of THz emission with increasing bias voltage for various 

pump powers. (b) Peak-to-peak amplitude of THz emission versus increasing pump powers 

under different bias voltages. 

 

It is clear that a maximum enhancement of ~ 4x was successfully achieved compared to 

the 0 V case by applying voltage bias. Figure 8.12(b) compares the THz emission intensity 

changes with different pump power under varied bias voltages. THz emission increased almost 

linearly under all bias voltages when the device was excited with pump power up to 300~400 

mW, which suggests that the dominant emission mechanism was the photo-Dember effect [27]. 

Interestingly at low power regime (below 100mW), the bias voltage seems to be ineffective to 

increase the THz emission accordingly. It clearly shows, however, bias dependences with about 

200mW excitation and above, and it increases linearly. When pump power increase further, i.e. 

beyond 400 mW, the THz emission amplitude does not increase at equal rate and behaves 

nonlinearly with increasing voltages and even decreases. 

Dependence of THz emission on both pump power and bias voltage can be summarized 

with a 3D surface graph in Figure 8.13. A saturation occurs at a specific region. At higher 
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excitation powers and bias voltages, back-scattering occurs due to the excessive photogenerated 

carriers which causes a saturation in emission of THz pulses. 

 

Figure 8.13 3D surface graph of THz emission from fabricated NWs vs pump power vs bias 

voltage.  

 

In order to investigate the improvement of THz emission as a function of frequency, THz 

spectral amplitudes in frequency domain are compared for various bias voltages at a fixed pump 

power. Figure 8.14 shows the spectral amplitude of THz time-domain waveform emitted with 

300 mW pump power and varied DC bias voltages from unbiased state to 8 V. It is clear that 

bandwidth is fairly around 1.5 THz which is still broader than Ò1.0 THz bandwidth of most of 

the InGaAs based commercial PCAs. On the other hand, it is not conclusive whether increasing 

bias voltage improves the bandwidth or not. Nevertheless, the bias voltage clearly increases the 

spectral amplitude. The improvement is strongest at lower frequencies. Strictly speaking, the 
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spectral amplitude is enhanced by ~4 times, which is equivalent to 12dB increases in power ratio 

at 0.25 THz which is shown by arrows in Figure 8.14. 

 

Figure 8.14 Spectral amplitude of THz emission in frequency domain from biased InGaAs NWs 

at a pump power of 300 mW. Bandwidth is ~1.5 THz. Amplitude increases by ~4 times at 0.25 

THz, which is equivalent to 12dB increase in power ratio when the NWs are biased up to 8 V.  

 

For further analysis, the total current through the device was obtained while increasing 

the bias voltage under the illumination of different pump powers including 0 mW (dark current), 

as shown in Figure 8.15(a). By subtracting the dark current, the óscatteredô plots in Figure 

8.15(b) was obtained, which is directly proportional with photo generated carriers due to the 

absorption of the pump laser pulses. The ólineô plots on Figure 8.15(b) are the peak-to-peak 

amplitude profiles from Figure 8.12(a). 
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Figure 8.15 (a) I-V curve of the device under various excitation powers. (b) Dark current in part 

(a) subtracted from others leaving a profile directly proportional with photogenerated carriers 

(scatter), and measured peak-to-peak THz amplitude profile (line).  

 

It shows that the measured THz emission amplitude intensity in peak-to-peak versus 

different bias voltage and excitation power behaves very similarly to the difference of the current 

measured and calculated, where it is in good agreement with photo generated carriers induced. 

Increment of the emission is more rapid for higher pump powers under relatively low bias 

voltage conditions. Then saturation occurs due to the great number of free carrier generation. 

It is interesting to compare device performance of biased NWs with a commercial PCA in 

order to understand the merit of NWs based THz emitter. To do that, we plot peak-to-peak THz 

signal amplitude with different bias voltage and added the peak-to-peak THz signal amplitude 

from commercially available InGaAs PCAs with its maximum performance, 10mW excitation 

power and 3V bias voltage as shown in Figure 8.16. We compared the THz signal in terms of the 

power densities of excitation power instead of absolute power values, mainly because of 

difference in the beam spot sizes. The focused beam spot on our device has a large elliptic shape 

(2 mm x 4 mm) without any further restrains, while it is required to have a excitation laser beam 
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tightly focused between the gap of antenna in the range of 5-10 ɛm for the commercial PCA. 

Taking this information into account, the pump powers for our device 100 mW ï 500 mW 

becomes power density values in the range of 1.59 W/cm
2
 ï 7.96 W/cm

2
, while the power 

density for a commercial PCA becomes ~3183 W/cm
2
 with an average pump power of 10 mW. 

The peak-to-peak THz amplitude for a commercial InGaAs PCA is about ~0.125 mV when it is 

biased at 3 V and excited with 3183 W/cm
2
. On the other hand, our device yields almost ~4 

times the amplitude of the commercial PCA when it is operating at 3V, but excited with only ~8 

W/cm
2
, which makes our design a very efficient THz emitter device. By being free from the 

antenna, the coupling of the laser beam can be much more simplified in our device scheme, 

which can be an additional advantage of the nanowires based THz emission, in addition to free 

from the limitation of excitation power which is required for conventional PCAs due to the 

breakdown. 

 

Figure 8.16 Peak to peak THz amplitude comparison of our device and a commercial PCA with 

respect to power densities. Corresponding absolute powers are 10 mW for InGaAs-based PCA 

and from 100 mW to 500 mW for our NWs-based device. 



 

109 

 

8.6 Conclusion 

Investigation on efficient THz emitters is ongoing. We have suggested a top-down 

processing method which gives us perfect control on vertical alignment and the uniform 

distribution of the emitter NWs. Furthermore, we have designed an interdigitated electrodes 

pattern with fabricated NWs in between them and have conducted the very first demonstration of 

biased THz emission from semiconductor NWs fabricated by e-beam lithography and etching 

process. The results show a highly efficient emitter where we have achieved enhancement of the 

emission by ~4 times at 0. 25 THz, which is equivalent to 12dB increase in power ratio with a 

comparable bias voltage but with ~400x less power density compared to commercial PCAs. 
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9. INDEPENDENT COMPONENT ANALYSIS APPLICATIONS  

ON THz TECHNOLOGY  

We report a potential application of Independent Component Analysis (ICA) technique 

on terahertz (THz) spectroscopy and imaging in order to remove attenuation and distortion 

caused by the water absorption in THz frequency region. Blind source separation approach is 

conducted to solve this problem. A reference spectrum for water vapor absorption in THz band is 

extracted by feeding ICA decomposition with air scans measured under two different humidity 

levels. Utilizing this extracted reference water absorption spectrum as one of the inputs of ICA 

decomposition, we attempt to remove the effect of water absorption from each pixel of a THz 

spectroscopic image. A small pack of silica gel beads which is a commonly used desiccant is 

chosen as the test sample for THz imaging due to its strong affinity for water molecules. The 

results show that ICA effectively removes the water effect ïto an extentï in the observed signal 

and clean the image such that the silica gel beads become significantly visible while they are 

totally hidden under the water effect before the ICA decomposition. 

9.1 Introduction 

Terahertz time-domain spectroscopy (THz-TDS) is a specialized, non-destructive and 

non-contact sensing technique where high frequency electromagnetic waves (THz waves) excite 

desired material, then the reflected or transmitted signal is measured in order to extrapolate 

various qualities of the material [1-3]. THz waves are non-ionizing radiations and therefore non-

harmful for the human body unlike X-rays [3], and many key materials have characteristic
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spectroscopic responses to THz waves which is sometimes called óTHz fingerprints.ô Due to 

these interesting and novel properties of THz waves, spectroscopy and imaging techniques 

utilizing THz waves have been playing an essential role in detection of organic compounds such 

as drugs and explosives as well as semiconductor nanostructures [4-12]. THz waves are capable 

of penetrating through most dielectric materials such as plastic, wood, paper, and leather when 

they are dry [13, 14]; however, in the presence of water, the penetration depth is limited and the 

signal is highly absorbed due to the strong rotational transitions of water molecules which 

becomes a limitation for the potential use of THz in the biomedical field as a diagnostic tool [15, 

16]. THz signal can also be heavily distorted when propagating through an environment with 

high humidity. This becomes a serious problem especially when the measurement is conducted 

in atmospheric air as it is in standoff detection. Researchers have been trying to improve the 

efficiency of THz emitters and detectors by designing and fabricating new devices in order to 

overcome the effect of water molecules in the measurement ambient and enhance the Signal-to-

Noise Ratio (SNR) values in THz spectroscopies. However, this device enhancement approach 

has been held back due to the limitation in fundamentals of current technologies including 

limited number of available materials in THz frequency region. In order to circumvent this 

limitation and enhance the detected THz signal, various statistical methods have been applied to 

terahertz spectroscopic signals in order to clean them of the noise caused by the ambient water 

vapor, to various degrees of success [17].  

Independent component analysis (ICA) is a powerful algorithm used to approach to the 

blind source separation (BSS) problem, where different linear mixtures of source signals are 

known while only a little or nothing is known about the source signals themselves. The objective 

in this approach is to extract the unknown source signals from their weighted sum mixtures 
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which are the only observed data. ICA decomposes the mixture signals down to the source 

signals principally through estimating an unmixing matrix until the extrapolated source signals 

are mutually independent. ICA has already seen a wide degree of success in a variety of fields, 

most notably in the analysis of brain signals in EEG measurements, where ICA is applied to 

filter out the noise caused by unwanted electroencephalogram signals, to enhance artifacts 

detection, to classify EEG signals, etc. [18-22]. 

While many statistical filtering methods have been used in conjunction with terahertz 

spectroscopy experiments [23, 24], there has so far not been many applications of ICA for this 

purpose. Utilizing ICA on THz spectroscopic data acquired under different humidity levels 

which is analogous to BSS problem approach, a reference spectrum for water absorption and a 

THz signal with no absorption effect of water molecules can be obtained individually. This lets 

us potentially remove the effect of water in THz frequency region simply by a signal processing 

approach. Similar approach can be applied on THz images of objects covered with various 

nonconductive materials. In this popular application, the image of the hidden objects can be 

enhanced significantly utilizing source separation process which results in an image with an 

enhanced contrast where hidden objects become more visible [17]. Although ICA has been 

studied for image enhancement of hidden objects with varying degrees of success, there has been 

no report on use of ICA decomposition for removing the effect of water absorption from a THz 

spectroscopic image.  

This report concentrates on obtaining a reference spectrum for water vapor absorption 

through ICA decomposition from a pair of single THz scans under different humidity levels. 

Afterwards, the ICA process is applied on a THz spectroscopic image by using the extracted 

reference water spectrum as one of the inputs of the ICA while the other input is frequency 
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spectrum of single THz scan of each pixel. Repeating this process on each pixel for the entire 

image, we attempt to potentially remove the effect of water absorption on a THz image to some 

extent. 

9.2 Theoretical Background 

Independent component analysis is one of many different methods developed for solving 

the blind source separation problem. The most popular BSS problem example is the ñcocktail 

party problemò [25]. The goal of this problem is to separate a set of mutually independent signals 

from a series of linear mixtures of these independent signals, such as when one focuses on a 

single conversation at a loud party, separating the signal of the conversation from the mixture of 

everyone elseôs conversations. We can define each individual conversation ί and their linear 

mixtures ὼ as follows: 

 ╢ ί  ί  ί  Ễί  (9.1.a) 

 

 
ὼ ὥί ȟ   ÆÏÒ Ὥ ρȟςȟȣά (9.1.b) 

 

 ╧ ═ ╢ 
(9.1.c) 

where ╧ᶰᴙ  represents the observed mixtures of signals, ╢ɴ ᴙ  is the independent 

sources that are to be found, and ═ᶰᴙ  is the unknown mixing matrix. To assure that 

information in the mixtures is sufficient to be able to extract the sources, the number of recorded 

mixtures should be equal to or greater than the number of independent sources, i.e. ά ὲ. For 

simplicity we presumed ά ὲ in our analysis. Fundamentally, ICA works by taking the 

supplied signals and attempting to either minimize the amount of mutual information between 

the signals or maximizing the non-Gaussianity of each signal. Hence, a transformation matrix ╦ 

has to be determined so that transformed data ╨ ╦ ╧ ╦ ═ ╢ will have mutually 
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independent components.  

For ICA decomposition to function properly, it needs to be assumed that the sources in 

Equation (9.1.a) have non-Gaussian distributions and they are statistically independent of each 

other. In addition, Central Limit Theorem states that the weighted sum mixture of the 

independent random variables which is ὼ in Equation (9.1.b) tends to have a distribution closer 

to Gaussian compared to those of each component of the mixture which are independent sources 

in Equation (9.1.a). Utilizing these assumptions, the source matrix ╢ can be determined by 

maximizing the non-Gaussianity over a number of iterations so that the components of the 

transformed data ╨ will converge to the mutually independent sources, ╢. The ICA 

decomposition coded in R [26] employs this approach to extract the statistically independent 

source signals by approximating to neg-entropy, which is a way to measure non-Gaussianity of a 

random variable quantitatively. Neg-entropy can be considered as optimal estimator for non-

Gaussianity, and an estimator has been made for it regarding lower computational cost and 

higher robustness [27]: 

 *╨ ᶿ ὉὋ╨ ὉὋὺ  (9.2) 

 

Where ╨ and ὺ  have zero means and unit variances. ╨ is a normalized random variable while ὺ 

has a standard Gaussian distribution, and the function Ὃ is defined as: 

 
Ὃὣ

ρ

ÅØÐὣȾς
 (9.3.a) 

 

or 

 
Ὃὣ

ρ

‌
ÌÏÇÃÏÓÈ‌ὣ (9.3.b) 
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where ‌ᶰᴙ  and ρ ‌ ς. 

The ICA decomposition code is run by using log-cosh Ὃ function in Equation (9.3.b), an 

‌ value of 1, and tolerance up to 0.0001 with a number of iterations limited to 200. All the data 

used as inputs for ICA in this work are THz signals in frequency-domain. A series of matrices 

are extracted as the output of ICA including the source matrix ╢ as well as the mixing matrix ═ 

which the sources are multiplied with in order to yield the observed mixture signal as it is 

formulated in Equation (9.1.c). One of the inherent ambiguities of ICA is that the order of the 

outputs is not predefined. Letôs say a source is extracted as the first output; however, when the 

ICA is run again same source might come out as the second output this time. This becomes a 

problem especially while processing an image which has more than 1000 pixels. One cannot 

manually check the outputs of each ICA run one by one for each pixel to differentiate between 

the two outputs and group them separately. Instead, we develop a recognition method to 

discriminate each source automatically and record them under their own groups. For the ICA 

application on the image, we know that one of the outputs is water absorption spectrum while the 

other output is the THz signal transmitted through each pixel after the removal of water effect. 

First we find at what frequency the peak occurs for each output (independent sources) of the ICA 

for each pixel of the image. The position of the peaks is a simple and effective parameter to use 

for differentiating between the two outputs. We know that the water absorption spectrum has a 

peak close to 1 THz, while the THz signal transmitted through any material would have a peak at 

much lower frequencies than 1 THz. Comparing the distance between 1 THz and the frequency 

point where the peak occurs for each source, we can effectively differentiate between the water 

absorption spectrum (water source) and sample signal with water effect removed (cleaned 

sample source). After running this calculation process for each pixel for the entire image, each 
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source is separated, and among them cleaned sample source is saved in an array for each pixel 

resulting in a 3D matrix data representing the entire image. By using this data, cleaned sample 

images can be reconstructed at selected frequencies. Utilizing this technique, we can potentially 

remove the effect of water absorption to some extent and enhance the THz spectroscopic image 

9.3 Experiments 

A conventional THz Time Domain Spectrometer system is used in this work [12]. Figure 

9.1 depicts the spectrometer with a pumping source of ultrafast laser pulses repeating at a rate of 

76 MHz with a wavelength of 790 nm and pulse width of 120 fs. Low-temperature grown GaAs 

(LT-GaAs) photoconductive antenna (PCA) is used as the broadband THz source, while the 

detection is carried out via electro-optic (EO) sampling utilizing ZnTe crystal. The spectrometer 

is used in ótransmission modeô arrangement using two polyethylene (PE) lenses to focus the 

collimated THz wave onto the sample and re-collimate the transmitted THz wave into the 

detector. 

 
Figure 9.1 Schematic diagram of the THz-TDS system setup aligned in transmission geometry 

which enables measuring the THz signal transmitted through the sample placed at the focal point 

of PE lenses. 
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The image data were acquired by THz-TDS from the sample placed on a 3-axis motion 

controlled stage which allows translating the sample on x-z plane with x and z steps independent 

of each other. The dimensions of the window to be imaged are chosen according to the region of 

interest of the sample. Within this imaging window, a full time-domain scan is carried out for 

each position of x and z axes. The data for each pixel is a 1D array of full time-domain scan, and 

are stored with respect to pixel positions for the entire image. 

The acquired data is a 3D array; height and width being the pixel positions and depth 

being the full time-domain THz waveform for each pixel. Constructing an image is basically 

imaging a slice of this 3D array at any chosen depth value which results in a 2D image. Applying 

fast Fourier transform (FFT) to the whole 3D array, the values of the array can be converted to 

spectral amplitude values while the depth represents the frequency. For this study, the images 

were reconstructed with respect to the spectral amplitude of each pixel for a chosen frequency. 

This 2D arrayed image at the chosen frequency is normalized to the highest valued pixel and 

reconstructed on a relative contrast scale.  

In order to enhance the reconstructed images, gain enhancement technique is utilized for 

contrast improvement, and bicubic interpolation algorithm is applied for a much smoother image. 

For further details about image acquisition and the reconstruction of the acquired image, please 

refer to [28]. 

9.4 Results and Discussion 

9.4.1 Obtaining Water Reference Spectrum 

Potentially removing the effect of water absorption on THz images simply by applying 

signal processing techniques is a promising approach. In order to remove the effect of water on 

THz images more conveniently, it is better to obtain a reference spectrum for water absorption 
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beforehand. This reference spectrum can be obtained by carrying out a THz-TDS measurement 

on an actual liquid water sample, or, more conveniently, we can approach this as a blind source 

separation problem in which we will leverage two air scans measured in an ambient with various 

humidity levels. The THz-TDS setup used in this work is contained in a purge box where we can 

control the duration of the nitrogen (N2) purge which allows us adjust the humidity level of the 

measurement ambient. In order to have air scans under various humidity levels, measurements 

were carried out with different purge durations from no-purge to 20 minutes of purging. Figure 

9.2 displays these air scans with various purge durations where the spectral amplitudes were 

determined by applying FFT to the detected time domain signals. 

 

Figure 9.2 Spectral amplitudes of air scans measured under various purging durations such as no-

purge, 3, 6, 9, 15, and 20 minutes. 
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It can clearly be seen that each air scan with different purging condition has different 

weight of water and moisture vapor absorption; no-purge condition represents the strongest 

effect of water vapors, showing a several deep dips in the spectrum associated with water, and 

20-minute-purge condition, in contrary, show clearly the least effect of water by showing of 

clearing absorption dips. Considering water vapor absorption spectrum and air scan measured 

after 30 minutes of purging (full-purge condition where the humidity level is the least) as the 

mutually independent sources to be extracted, air scans in Figure 9.2 can be treated as the linear 

mixtures of these independent sources with different weights. Therefore, any two of these air 

scans can be used as the inputs of the ICA decomposition process. We ran the ICA 

decomposition for two different input pairs (6 min+15 min and 9 min+20 min) chosen from the 

air scans under different purging times. Both sets of input mixtures yielded same independent 

source output from the ICA decomposition as shown in Figure 9.3. Figure 9.3 shows water vapor 

spectrum, which is one of the independent sources after ICA applied, and spectral amplitude of 

air scan (inset), which is the other independent source as an output of the ICA process. We 

successfully extract the two independent sources accordingly, only by employing two different 

mixtures of these two sources.   

Next, we attempt to apply similar ICA process to the THz images. The water vapor 

spectrum extracted in Figure 9.3 can be used as a reference spectrum to remove the effect of 

water absorption on THz images. In this case, the reference water absorption spectrum is used as 

one of the input signals of the ICA decomposition tool, while the other input is the spectral data 

of each pixel of the image obtained in THz imaging. 
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Figure 9.3 Reference spectrum for water vapor absorption decomposed from ICA process with 

two different pairs of input mixtures. Inset shows the spectral amplitude of air scan under full-

purge which is the other independent source obtained as the second output of the ICA process. 

Those absorption frequency in water spectrum is closely matched with reported values [29]. 

 

9.4.2 ICA Application on THz Images 

For the demonstration of ICA application on THz images, silica gel beads were chosen to 

be the material of interest because of their high adsorption for water molecules. It is also easy to 

access in the form of a package as shown in Figure 9.4(a) in products sensitive to moisture such 

as pills, electronics, and leather-based products. Figure 9.4(b) shows the different sized silica gel 

beads inside of a package. Removing the excess beads from the pack, a small window with only 

a few silica gel beads laid as a single layer was prepared. 
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Figure 9.4 a) A pack of silica gel beads that can be found in any moisture-sensitive product. b) 

Various sized beads that come from the package. c) A few silica gel beads are confined in a 

small window and placed on a sample mount to be imaged on x-z plane via THz-TDS. 

 

To be able to observe the crucial effect of water absorption on THz image, a small 

amount of water was also introduced into the silica gel package letting the beads adsorb and hold 

the water molecules. The package itself got wet as well which possibly leads to an increase of 

humidity within the package during the imaging process.   

THz spectroscopic image was acquired for the 7 mm by 7 mm imaging window shown 

with a red square in Figure 9.4(c) by scanning THz-TDS along x and z axes with a step size of 

200 mm. The obtained image data were reconstructed with respect to the spectral amplitude value 

of each individual pixel at selected frequencies. In order to clearly observe the contrast between 

regions with and without water absorption, the window to be imaged was selected such that it 

includes the bottom of the package where there are no beads. 

The data acquired for each pixel during imaging are time domain THz pulses transmitted 

through each pixel. Since the ICA technique should be applied to the frequency-domain data in 

order to spot the effect of water absorption in frequency domain and potentially remove that 
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effect to a certain extent, FFT was applied to the 1D THz pulse array of each pixel for the entire 

image finally resulting in a 3D matrix with 1D array of frequency amplitudes for each pixel.  

Afterwards, ICA decomposition process was applied to each pixel for the entire image. 

Each time, ICA process was performed with two 1D input arrays. First input is the frequency 

spectrum of each pixel obtained by FFT, and it changes pixel by pixel. The second input is the 

extracted reference water absorption spectrum (Figure 9.3), which is fixed second input 

regardless of the pixel position. 

Finally this ICA process generates two outputs; one is water absorption spectrum (as an 

independent source), and the other is ideally the frequency dependent THz signal after removal 

of effect of water absorption in each pixel. The second output of each pixel, which is ideally the 

cleaned spectrum from water were returned to a 3D matrix to reconstruct the image free from 

water.  It is important to note that ICA decomposition process was not applied to one single 

value of each pixel; instead, it was applied to the entire frequency spectrum at one time for each 

pixel. 

The images first were reconstructed with amplitude values in different frequencies for 

each pixel, then examined at selected frequencies. Figure 9.5(b) shows the second output 

(independent source) of ICA decomposition at 0.65 THz and compared with the image before the 

ICA (a). It shows the best contrast obtained from the cleaned image by performing ICA. Due to 

the effect of water on THz signal, the ówetô image shows a very weak contrast in the area (red 

dashed lines) where the silica gel beads are embedded as shown in  Figure 9.5(a). 
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Figure 9.5 a) Wet image after injecting water into the package. b) Reconstructed image after 

removing the effect of water from wet sample image by ICA decomposition. Both images were 

reconstructed depending on the spectral amplitudes at 0.65 THz. 

 

The beads became hidden in the ówetô image due to the strong absorption of water 

molecules both in the package and the silica beads. A high contrast can be seen between the 

ówetô region and bottom of the package which has no beads and no water (Figure 9.5(a)). After 

the removal of water absorption effect from the ówetô image by performing ICA decomposition, 

the silica gel beads became clearly detectable as it can be seen in Figure 9.5(b). Most of the area 

is cleaned of the effect of water absorption including the wet package where there was no silica 

gel beads resulting in a similar contrast as the bottom of the package where it was initially dry.  
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Figure 9.6 Images of ówetô condition are reconstructed at 0.2, 0.55, 0.65, 1.1, and 1.25 THz as 

well as the cleaned images through ICA decomposition at same frequencies. 

 

To compare the contrast in the images at different frequencies, ówetô and óICA Cleanedô 

images were reconstructed by using frequency amplitude values at various frequencies from 0.2 

THz to 1.25 THz, and shown in Figure 9.6. It is clear that silica gel beads are not visible in the 

ówetô images at various frequencies due to the water absorption. Analyzing all these images after 

the ICA decomposition, there is an observable contrast change compared to ówetô images. 

However, the best result was achieved in the image reconstructed at 0.65 THz, even though the 

contour of the silica gel beads starts appearing clearly in the óICA Cleanedô images at other 

frequencies. The reason why it yields more clear and detectable image at 0.65 THz seems to 

come from the dynamic range of the experimental setup. The signal to noise ratio is highest at 

0.65 THz compared to other frequencies, so that the image acquired from the ICA decomposition 

can reveal better contrast and make it possible to locate the silica gel beads.  

Another approach to examine the result is to plot it in a 3D representation. In order to be 

able to observe the significant change in the image between ówetô state and ócleanedô state, 3D 

surfaces of these states are plotted in Figure 9.7. As it is shown in Figure 9.7(a), the area where 


