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CHAPTER I 

INTRODUCTION 

 

This thesis presents Terahertz time-domain spectroscopy (THz-TDS) characterization of 

frequency dependent optical and dielectric properties of structures of ZnO in the far 

infrared. Researches in the THz regime began came into effect in late 80’s and early 90’s 

which eventually gained its momentum with in depth investigation of theories and 

exploring different areas of application. 

 

1.1 Why Study ZnO 

 

This research is mainly inspired by the potential application of the ZnO nanostructures in 

the THz regime. The increase in surface area and the quantum confinement effects has 

made nanostructured materials quite distinct from their corresponding bulk form as far as 

electrical and optical properties are concerned. ZnO being a II-VI compound has a very 

wide range of applications in the infrared and far-infrared region. Having a wide band-

gap of 3.6 eV with high exciton gain, and a large exciton binding energy of ~60 meV, 

ZnO semi-conductor is well known for having low-voltage and short-wavelength 

optoelectronics applications [1-3]. ZnO nanostructures are reported to have potential 

applications for piezoelectric transduction, optical emission, catalysis, actuation, drug 

delivery and optical storage with promising photoelectronic, photochemical and catalytic 
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properties [4].  High resistivity, high mobility (200 cm2/Vs) and very less fabrication 

barrier makes ZnO an ideal choice for high power THz generation [5, 7]. Due to all these 

properties, ZnO remains an important material for applications in gas sensors, varistors, 

rubber additives, pigments and optical devices in both fundamental research and practical 

studies [6].  

 

Besides, ZnO crystal is of great use as a photoconductive material for the generation of 

THz because of its ease in the fabrication process, wide band gap character and high 

mobility and resistivity. Further applications of ZnO crystals involves in its capacity to 

generate second harmonics of Ti:sapphire laser as its transmission edge is located at 390 

nm. All these definitely make ZnO a suitable candidate to be used as a high power 

emitter [7]. 

 

1.2 Thesis Outline 

Various structures of ZnO (tetrapods and nanowires) are characterized and analyzed 

using terahertz time-domain spectroscopy to investigate their low-frequency optical and 

dielectric properties. The power absorption and refractive index, as well as the complex 

dielectric function, were measured in the frequency range from 0.1 to 3.5 THz.  Based on 

a simple effective medium theory, the low-frequency dielectric properties of ZnO 

structures are found to be associated with the transverse optical E1 phonon mode, which 

corresponds well to that of the bulk ZnO. 

 

Chapter 2 describes the THz system used to characterize the ZnO samples and the basic 
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structure of the cells containing them. Chapter 3 discusses in details about the data 

extrapolation steps used in this work. Chapter 4 describes in details about the related 

theories while chapter 5 describes the analysis steps and results obtained for each 

samples. Then chapter 6 summaries the whole thesis and some potential future work are 

being included in chapter 7.  
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CHAPTER II 

 

TERAHERTZ TIME DOMAIN SPECTROSCOPY AND CELL STRUCTURE 

 

2.1 Basic THz-TDS system 

 

Because of high signal to noise ratio (~10,000:1) and nonionizing properties, THz-TDS 

has been recognized as a preferable far-infrared spectroscopic approach [10].  The THz-

TDS system used in this work is based on the principle of photoconductive switching. In 

this section the transmitter and the receiver systems are explained in detail. 

Working Principle of the THz system 

The Conventional Grischkowsky-type THz-TDS system is the basis of the modified 8-F 

confocal system used in this work. Fig 2-1 illustrates this basic system which shows 

distinctly the terahertz transmitter to generate THz, the receiver, and the collimating 

optics (a set of parabolic mirrors and silicon lenses) to guide the THz pulse. The terahertz 

radiation is first generated by a transmitter which is essentially made up of coplanar 

transmission lines of metals on GaAs wafer [11]. This transmitter system is shown in Fig 

2-2 and described in following section [12]. This produces a THz beam which  impinges 

on the silicon lens  placed in front of the GaAs chip as shown in Fig 2-1 [11].  
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The THz beam thus produced is then guided by a set of parabolic mirrors which further 

collimates the beam on to a second silicon lens (receiver end) after which the THz beam 

falls on to the THz receiver made on SOS (Silicon-on-sapphire) wafer. This SOS wafer is 

also patterned (antenna structure) with metallic transmission lines with an antenna. The 

detailed geometry of the GaAs transmitter and the SOS receiver is discussed in the next 

section. 
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Figure 2-1: Experimental setup of standard THz system with two parabolic mirrors in 

4-F confocal geometry (Focal lengths of the Mirrors are 11.9 cm).  The sample shown 

is placed exactly in the midway between the parabolic mirrors. 
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THz transmitter and Receiver 

The basic chip configurations of the THz transmitter and the receiver chips are shown 

below in Fig 2-2 and Fig 2-3 respectively [12]. This transmitter F-chip has coplanar 

transmissions lines made of two metals. The semi-insulating GaAs wafer is patterned in 

our class 1000 cleanroom facility and then electron beam evaporation technique is being 

employed to deposit a 100 nm thick titanium layer which is further metal coated with a 

550 nm aluminum layer. As shown in the Fig 2-2 each transmission line are 10 µm thick 

and is separated by 80 µm [12]. 

 

In a very similar way our THz receiver chip is fabricated. As stated in the preceding 

section, our Max receiver chip patterned on a SOS wafer also consists of metal lines 

deposited by the same method of electron beam evaporation. These metal lines have a 

width of each 5 µm and separated from each other by 10µm. A dipole antenna gap of 5 

µm is allowed between the lines [12].  The system configured with these above 

mentioned chips is able to generate a bandwidth up to 4.5 THz. 

 

Working of the Chip 

A 70 V of DC voltage is applied to bias the chip. This system is driven by a  mode-locked 

Ti:Sapphire femtosecond pulse laser. Between the transmission lines of the transmitter 

chip a femtosecond laser is impinged [12,30]. This 800 nm femtosecond pulse causes a 

sub picosecond charge in between the lines causing a flow of electrical pulse in both 

directions of the transmission lines. The dark spot in the Fig 2-2 shows the focused 

impinged pulse. This impinged pulse generates an electron hole pair and the applied 
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biased voltage accelerates it thus to generate the THz pulses. The silicon lens which is 

placed exactly in front of the transmitter chip works together with the parabolic mirrors to 

collimate the THz beam. This beam is now focused by another silicon lens which allows 

it to fall on the antenna of the receiver chip. The configuration of the receiver chip as 

discussed earlier and shown in Fig 2-3 shows a black dot which is essentially the same 

focused femtosecond pulse from the Ti:sapphire laser but with a variable optical delay 

with the pulses on the transmitter. As the receiver is gated with the transmitter, a high 

signal-to-noise (~ 10000:1) ratio is obtained. 
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Figure 2-3: THz receiver (Max Chip, SOS Max 1) with 5 µm wide 

transmission lines connected to a current amplifier allowing a 

separation by 10 µm having the antenna dipole gap is also 5 µm. 

Figure 2-2: THz transmitter (F-Chip, GaAs10) with the 10 µm wide 

transmission lines separated by 80 µm and biased at 70 V. 
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2.2 Modified Focused beam THz-TDS system (8F confocal geometry) 

 

The THz system used in this work is a photoconductive switch-based THz spectrometer 

having 4.5 THz (3 mm–67 µm) bandwidth as shown in Fig 2-4 [10, 13].  The system is 

aligned into an 8-F confocal geometry with four parabolic mirrors in order to achieve a 

3.5 mm frequency-independent beam diameter, and for excellent beam-coupling between 

the transmitter and receiver [8, 9, 13]. An 800-nm, 25-fs optical pulse train generated 

from a self-mode-locked Ti:Sapphire laser is used to gate the photoconductive switches. 

The THz beam emitted from the GaAs transmitter is gathered by a silicon lens and then is 

collimated into a parallel beam by a parabolic mirror. To achieve a beam diameter 

comparable to the sample size an extra pair of parabolic mirrors of focal length 50.8 mm 

is placed midway in the THz beam path. The re-collimated beam is thereafter tightly 

focused onto another silicon lens at the SOS receiver.  In this system a frequency 

dependent beam waist of 3.5 mm is obtained at midway of the two mirrors M2 and M3 

[10,13]. 

 

Figure 2-5 shows the standard reference THz pulse and its corresponding amplitude 

spectrum of the 8-F THz-TDS system [12]. The measured pulse and their corresponding 

spectrum for this work has been described along with the analysis results of each samples 

in the following sections and shown in figures 5-2 and 5-7. 
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Figure 2-4: Modified THz-TDS setup using an 8-F confocal geometry. The sample to be 

characterized is placed at the 3.5-mm minimum waist position (center between M2 and M3). 

Focal Lengths of M1 and M4 are 101.6 mm while that of M2 and M3 are 50.8 mm. 
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Figure 2-5 (a) Standard reference terahertz pulse propagating through air. 

(b) The corresponding amplitude spectrum of the reference pulse. 
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2.3 Determination of beam waist 

 

In our experiment, the sample is located exactly at the center between the mirrors, M2 and 

M3 (at the beam waist) and care is taken so that the exposed area of the sample has almost 

the same dimension as that of the beam waist diameter. This is to make maximum 

utilization of the beam power and hence minimize loss. Hence, calculation of the beam 

waist of our system becomes utmost important.  

 

Our system is a confocal system and all parabolic mirrors are treated as lens for the 

simplification in calculations. From the known values of the focal lengths obtained from 

the manual, we can easily calculate the distances between the mirrors, the distances 

between the mirror and the transmitter and the mirror and the receiver. The beam was 

also approximated to be a perfect Gaussian beam [12]. 

 

We assumed the initial waist of the beam to be 3.3 mm and then used simulation tool to 

obtain the beam waist profile (shown in Fig 2.6) and hence determined the actual beam 

waist diameter [12]. For using the simulation tool we needed to calculate the distance 

between each mirrors and between the mirrors M1 from the transmitter silicon lens and 

between M4 and receiver silicon lens. Hence the system manual was looked upon to 

obtain the focal lengths of each mirror. 

 

We found that d0 (distance between transmitter lens and mirror M1) = f1=101.6 mm, d1 

(distance between mirror M1 and mirror M2) =f1+f2=152.4 mm, d2 (distance between 
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mirror M2 and mirror M3)  = 2f2 = 101.6 mm , d3 (distance between mirror M3 and mirror 

M4)  = f1 + f2 = 152.4 mm and d4 (distance between mirror M4 and receiver lens) = f1 = 

101.6 mm. Our calculated beam waist diameter was 3.5 mm.  We observed from the 

beam waist profile curve that the beam waist was located exactly between the mirrors M2 

and M3 hence the best place for samples. 

 

 

2.4 Frequency Relation of the THz beam  

 

In an 8-confocal system, the dependence of THz beam waist on frequency varies 

alternately. From the beam profile figure (Fig 2-6), we can see that at the silicon lens 

from where the beam emerges at the transmitter end, the beam waist is frequency 

dependent [12]. Then at the parabolic mirrors M1 and M2 there is a spread of the beam 

size, which increases with lower frequency. A frequency-independent focal spot is 

achieved midway between mirrors, M2 and M3 where the samples are located for THz-

TDS characterization. When the THz beam propagates further from the focal spot on the 

way to the receiver side, we observe a nearly symmetric evolution of the beam waist. It 

becomes frequency independent at the silicon lens attached to the receiver. Hence, we 

have seen an alternating relation of THz beam waist on the 8-F geometry of the THz– 

TDS system used for the characterization of ZnO nanostructures.  
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Figure 2-6: Calculated Gaussian beam profile shows the waist calculated for the 8-F 

confocal configuration.
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2.5 Basic Cell Structures 

 

The power absorption, refractive index and dielectric constants of the samples are 

measured on the 8-F confocal geometry as described above. The reflection of the 

THz beam on the front and the back side of the cell is taken into consideration. A 

distinct separation between the transmitted pulse and the first reflected pulse always 

enables the data analysis only on the first transmitted pulse while ensures sufficient 

characterization accuracy. The schematic diagrams of the cross-sectional areas of 

the cells (both reference and sample) are shown in figure 2-7. The cells were made 

of a 640-µm-thick, p-type silicon wafer having a resistivity of ρ = 20 Ω-cm. 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Diagrams of the cross-sectional areas of (a) Empty reference cell (b) 

Cells holding the samples. 
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CHAPTER III 

Data Extrapolation 

 

3.1 Basic Data analysis 

 

The sample under inspection is placed at the tightly focused beam waist position. We 

have seen that it is this particular point where the beam is most tightly focused and the 

beam size is frequency independent [10]. We will assume that the amplitude of the THz 

beam without and with sample in the cell are referred as )(tEreference  and )(tEsample , 

respectively 

 

Below are the transmission equations for the cell arrangement (Fig 2-7) [10, 12, 15, 

and 17]: 

⎟
⎠
⎞

⎜
⎝
⎛=

λ
πndittEE assainreference

2exp ,       (3-1) 

⎟
⎠
⎞

⎜
⎝
⎛ −

⎟
⎠
⎞

⎜
⎝
⎛=

2
exp2exp dndittEE mssminsample

α
λ
π                                                          (3-2) 

 

In the above expression inE  is the amplitude of the input THz pulses and   tsa , tas, tms, tsm
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are referred to as Fresnel’s coefficients where ‘a’ denotes air, ‘s’ denotes substrate and 

‘m’ denotes material. Here α  and n are power absorption and refractive index, 

respectively. 

 

3.2 Calculation of Real and imaginary Dielectric Constants. 

 

The frequency dependent effective complex dielectric response of a sample can be 

determined by the recorded data of power absorption and the refractive index through the 

relationship: 2)()( ir inn +=ωε , and the imaginary part of the refractive index can be 

obtained by the relation: παλ 4/=in . From the above two expressions the real and 

imaginary components of the complex dielectric function can be obtained and can be 

written as follows [10, 17]:  

2
0

2 )4/( παλε −= rr n ,      (3-3) 

and  

πλαε 2/0ri n= .                             (3-4)                  
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CHAPTER IV 

RELATED THEORIES 

 

4.1 Simple Effective Medium Theory (EMT) 

 

Effective medium theory (EMT) has been a prevalent tool used to analyze the material’s 

optical properties in the composite medium. By using this technique the properties are 

determined by the known property of its constituent [20]. Reflecting confinement effects 

of the crystalline structures are usually studied by the effective medium approach. The 

effective medium approach appears to be really effective for the closely packed 

structures. One of the simplest approaches of the effective medium theory was devised by 

using the Maxwell-Garnett (MG) model predicted in 1904 [21]. The MG model devised 

to characterize the dielectric properties of the multiphase mixture was developed using 

Clausius and Mosotti theory. The effective dielectric permeability according to the MG 

model was stated as [20, 21]: 

  

m

m

m
MG

m
MG

f
εε
εε

εε
εε

22 +
−

=
+
−

,                                                                       (4-1) 

where MGε  is the effective dielectric permeability of the sample concerned (spherical 

particle was used in original case) and mε  is the characterized surrounding medium. This
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 theory is made under the assumption that a sufficiently large separation between the 

particles existed for independent scattering to occur and for the Lorentz local-field 

correction to apply [20,21]. The simplicity of the MG model makes it a very popular and 

hence this model has been used over and over again for treating optical properties of 

various structures. 

 

By using the celled approach and by using the simple mixing model it is possible to 

calculate the optical properties of the nano-crystals embedded in the host crystals, 

vacuum and in layered structures [20]. The constructed cell is the one that contains the 

objects or sample to be treated while the other cell is used as reference with respective 

amount of surrounding matrix or vacuum. The cell structures that are used in our case has 

been discussed in the section 2.4, and has been diagrammatically shown in Fig 2.7. 

 

The concept of EMT lies with macroscopic objects where the sizes of the structures are 

treated with the cell calculations [20].  The properties, mainly their optical properties are 

not the simple properties of their respective bulk material, rather they are the effects 

which occur due to the confinement, more specifically due quantum confinement of the 

electronic states. As stated above that in the effective medium approach, the properties of 

the composite material are characterized and predicted with from its known constituent 

properties and hence the optical properties of the composite and host material has to be 

known. So, the optical properties can be extracted and predict the composite properties 

by applying the effective medium theory [20]. 
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Basically two steps are used to extrapolate the composite-material properties by using 

EMT. First the material dielectric function )(ωε m of nanostructure of certain radius is 

extracted from the dielectric function )(ωε derived from composite material using the 

known dielectric function, hε of the host material. For comparison, a simple mixing 

model is then used which can be written as follows: 

 

 )()1()()( ωεωεωε hc ff −+= ,      (4-2)  

 

where, f is the filling factor given by ratio of the crystalline volume and the total cell 

volume. It is to be noted here that while Maxwell-Garnett (MG) model explain about 

isotropic condition, the Bruggemann model takes into account the correlations due to the 

self-consistent determination of the dielectric properties [20]. 

 

In the effective medium mixing model, the dielectric function is only valid in terms of 

embedment with different filling factors which implies to similar environment to that of 

the original one. The description of the quantum size effect is therefore a close 

generalization of the original concept of the effective medium approach. Now the 

applicability of effective medium mixing model is much limited to the energies below the 

main peak of absorption. A modification in the EMT, which will be not accounted here 

will take into consideration of other absorption peaks [20]. The application and the 

effectiveness of the effective medium approach described above depend much on the 

energy and the size rage of the particle concerned.  
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Limitations of simple Effective Medium Theory (EMT): 

In order to extract the dielectric function )(ωεm , pertaining to the nanostructures, a 

simple mixing model is being used which is stated as: 

  )()()1()()( ωεωεεωεωε effieffrhmeff iff +=−+= ,  

where, f  is the filling factor determined by the volume ratio. There can be certain 

limitations in using this model. The quantity )(ωεm represents the optical properties of 

an effective material which rather reflects the quantum size effects, characterized by size 

of the sample. Hence, )(ωεm  obtains it substantial meaning only with respect to 

embedding in surrounding materials. This independent–particle expression of dielectric 

function will be exact if the wave functions of the electrons of the structures and the host 

material are strongly localized.  In order to characterize more densely packed samples 

and for higher value of filling factor, more complex models like Maxwell-Garnett theory 

or Bruggeman’s theory can be implemented. 

 

4.2 Pseudo-Harmonic Approximation 

 

The ionic crystal’s optical absorptions are attributed by the lattice-vibrations in the far-

terahertz regime. An interaction between the radiation field with the fundamental lattice 

vibration results in the absorption of the electromagnetic wave owing to the creation or 

the annihilation of lattice vibration. Hence in the frame of the classical theory of 

independent pseudo-harmonic approximation, contribution of phonons are considered in 

the dielectric function [17]: 
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where, )( 0 ∞−= εεε st , ∞ε  is the high-frequency dielectric constant, 0ε is the low-

frequency dielectric constant, TOω  is the frequency of the TO phonon mode where as Γ  

is considered here to damping considered here to be the damping constant.  

 

By using equation 4.12 and equation 4.3, we obtain the real and imaginary parts as: 

 

22222
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The calculations and exact steps to obtain the real and imaginary parts relations of 

equation 4.4 and 4.5 is shown in Appendix A. These real and imaginary dielectric 

constants are used to obtain the effective real and imaginary dielectric constants, )(reffε  

and )(ieffε , which are used to fit the corresponding experimentally obtained values. The 

calculation to obtain the effective real and imaginary dielectric constants is shown in 

Appendix B. 

 

These effective real and imaginary dielectric ( )(reffε  and )(ieffε ) constants are again used 

to obtain the theoretical values of the real refractive index ( rn ) and the power absorption 
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coefficient )(α  which are again fitted with their corresponding experimental results. The 

calculation to obtain rn  and α are shown in Appendix C. 

 

 

4.3 Procedure Followed 

 

The complex dielectric responses of the ZnO nanostructure can be achieved by the power 

absorption relation, )()( ir inn +=ωε  while the imaginary part in  is corresponds to the 

power absorption as παλ 4/=in .  

 

Semiconductor crystals have the optical vibrations which are attributed by the lattice 

vibrations. The classical theory of independent pseudo-harmonic model explains the 

dielectric response in accordance to the Lorentz dispersion theory in conjunction with 

that of the Huang equations. The dielectric function is related as [16] 

 

( )
( )

ωωω

ωεε
εωε

Γ−−

−
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∞
iTO
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22

2
0 ,      (4-6) 

 

where ∞ε  is the high frequency dielectric constant, 0ε  is the low-frequency dielectric 

constant,Γ  is the damping constant whereas TOω  the optical transverse mode. The 

complex frequency dependent dielectric constant as described in equation (4.1) can be 
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written as a set of two separate variables which are the real and the imaginary parts. 

Hence, )(ωε  can be written as:  

 

 )()()( ωεωεωε ir i+=           (4-7) 

with , 
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And the effective dielectric function, effε  of the ZnO tetrapods can be found by the 

equation: 

 

 hmeff ff εωεωε )1()()( −+=  = effieffr iεε + ,                 (4-10) 

 

where )(ωε eff  is the effective complex dielectric constant whereas mε  and hε are the 

dielectric constant of the sample and host which air in our case and hence equals unity. In 

the above simple EMT f is given by the fractional volume of the particle that is the ratio 

of the density calculated from the measured mass and volume of the particle to the actual 

density of the particle )/7.5( 1−cmgm  in this case. The mε term presented in the above 

EMT equation is estimated by a pseudo-harmonic equation described within the frame of 

classical theory which is given by the following equation [16, 17, 18]: 
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ωωω
ωε

εωε
Γ−−

+= ∞ iTO

TOst
22

2

)( ,                           (4-11) 

 

where stε  is the oscillator strength, ∞ε  is the high frequency dielectric constant and TOω  

is the frequency of the transverse optical mode and Γ  being the damping constant. Again 

we can split the complex dielectric constant of the sample into its corresponding real and 

imaginary parts, described as: 

  

).()()( ωεωεωε imrmm i+=                    (4-12) 

 

Again from equation (4.6) we can calculate effective real dielectric constant and effective 

imaginary dielectric constant from the known calculated values of  rmε  and imε  as : 

 

    )1()()( ffr rmeff −+= ωεε                                                         (4-13) 

and     

)()( ωεε imeff fi =                     (4-14) 

 

A good match between the experimental data and the fitting indicate the presence a 

dominant TO-mode centered at a frequency of  πω 2/TO  with a line-width πγ 2/  and a 

strength stε  given by the adding 0ε  and ∞ε . 
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CHAPTER V 

Experiments and Results 

 

5.1 ZnO tetrapods  

Our first sample analyzed is ZnO tetrapod. The power absorption, refractive index, and  

the complex dielectric function were measured in the frequency range from 0.2 to 3.5 

THz. Further, a simple effective medium theory was employed to study the low-

frequency dielectric properties of ZnO tetrapods [19].  In course of analysis, an 

association with the transverse optical E1 phonon mode was found, which corresponds 

well to that of the bulk ZnO. 

 

5.2 Sample description 

 

Zinc oxide (ZnO) is an excellent II-VI compound semiconductor for low-voltage and 

short-wavelength optoelectronics applications owing to its direct wide band gap of 3.37 

eV, high exciton gain, and a large exciton binding energy of ~60 meV with minimum 

fabrication barrier, rather high mobility (200 cm2/Vs) and high resistivity making the 

single-crystal ZnO an ideal choice for high power THz generation [1-3,5]. Detail study of 

the properties of ZnO tetrapods is essential to understand the physics of low-dimensional 

system and their possible potential applications such as laser and hardening [2].  The 

resent interest on the tetrapod structures of ZnO have been mainly due to its intriguing 
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lasing properties [23,24]. The tetrapod structure of the ZnO can be a good choice of being 

a detector because its gas sensing properties specially with methane and methanol at 

various temperatures [25]. Again the ZnO tetrapods are expected to exhibit some special 

properties because of their single crystalline structure and because of its controllable 

morphology [26]. When ZnO tetrapods were doped with Mn, the structures were found to 

be ferromagnetic with Curie temperature ~50 K.  Analysis of these doped structures 

showed a large coercive field, which enabled and opened the gateway for the 

electromagnetic and spintronics applications leading method to combine microelectronics 

and nanoelectronics with spin-dependent effects for the next generation devices [27]. 

Recent findings show that ZnO tetrapods have shown intriguing lasing properties by 

making the arm lengths very compatible to the excitation wavelength [23,24]. 

 

 The vapor phase transport method was used to grow the ZnO tetrapods were by heating 

the Zn powder to 700 ºC in a quartz tube furnace at ambient pressure and with the flow of 

argon gas [24].  By sonicating in methanol the individual tetrapod samples were isolated. 

Shape and size of the ZnO tetrapods were found by inspecting under scanning electron 

microscope and optical microscope, while X-ray diffraction revealed hexagonal wurtzite 

structures. The diameters of the legs were estimated to be 200 and 800 nm while the 

length of the legs were between 10-30 µm [27, 28].  The SEM images of a bundle of ZnO 

tetrapods are shown below in Fig. 5.1. 
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FIG. 5.1 The SEM images of ZnO tetrapod bundle with leg diameter of 200- 800 nm and 

length of 10 -30 µm. 

 

(a) 

(b) 
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5.3 Analysis Procedure for ZnO tetrapods 

 

The ZnO tetrapod samples for analysis were placed in a cell, made from carefully diced 

p-type silicon wafer of 640 µm thickness having a resisivity (ρ = 20 Ωcm), with 

dimensions of 10.9 mm × 11.0 mm [19].  A spacer made from the same material with a 

thickness of 1.288 mm was introduced between the cell windows.  An identical empty 

cell was used as a reference. Both cells were placed in an aluminum holder and centered 

over a 5-mm-diameter hole, which defines the optical aperture. The structure of the cell 

has been discussed in section 2.4 and shown in Fig 2.7. The aluminum holder unit was 

placed exactly at the beam waist of the THz-TDS system as shown in Fig 2.4. The THz-

TDS system used for this work is described in section 2.1 and 2.2. 

 

5.4 Results and discussion for ZnO tetrapods 

 

The dielectric and optical properties of ZnO tetrapods are extrapolated using a simple 

effective medium theory [8, 20]. The transmitted THz pulses through both the reference 

and ZnO samples are shown below in Fig 5.2(a). Compared to the reference, the signal 

obtained from ZnO tetrapods has a time delay, as well as reduced amplitude due to 

absorption.  A relatively clean separation in time between the main transmitted pulse and 

the first refection allows us to perform the data analysis on the main pulse only [10].  The 

sample and the reference pulses were then Fourier transformed to achieve the 

corresponding complex amplitude spectra which are shown below in Fig. 5.2(b).  
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The power absorption and refractive index were extrapolated. The ratio between the 

amplitude spectra of the reference and that of the sample gave the effective absorption by 

the sample whereas the phase shift was calculated to determine the refractive index [30].  

The frequency-dependent power absorption coefficient )(ωα  and the refractive index 

)(ωn  are plotted as open circles in Fig. 5.3.  The measured power absorption increases as 

a function of frequency and no prominent absorption peak is observed below 3.5 THz, 

whereas the refractive index approaches a constant 1.041. The frequency-dependent 

dielectric response )(ωε  is described by the relationship, 

2)]()([)()()( ωωωεωεωε ikni ir +=+= , where the imaginary part of the refractive index 

k  is related to the power absorption as πλωαω 4/)()( 0=k , )(ωε r  and )(ωε i  are the real 

and imaginary part of the dielectric function [10].  Since the ZnO tetrapods are loosely 

packed, the EMT is employed to obtain the true dielectric function of ZnO tetrapod [8, 

20], hmeff ff εωεωε )1()()( −+= , where the filling factor f defines the volume fraction 

of the tetrapods and was measured during the experiment. The effective medium theory 

used here is described in more details in section 4.7. hε  and mε  are the dielectric 

constants of host medium and pure ZnO tetrapods, respectively. 
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FIG. 5.2 (a) Measured reference and sample pulses, and (b) the corresponding Fourier-

transformed spectra (Solid lines represent the sample curves while the dashed lines 

represent the reference curves). 
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In our case, 0.1== airh εε , and the frequency-dependent dielectric function of the pure 

tetrapods  )(ωε m  can be represented by the equation below: 

 

( ) ∑ Γ−−
+

+
−= ∞

j jTO

TOstp
m ii

j

jj

ωωω
ωε

γωω
ω

εωε 22

2

2

2

,                                                    (5-1) 

 

where ∞ε  is the high-frequency dielectric constant, the second term describes the 

contribution of free electrons or plasmons, and the third term is due to the contribution of 

optical phonons.  The key parameters describing the dynamics of free electrons or 

plasmons in a semiconductor are the plasma frequency ( ) 21*
0

2 mNep εω =  and the carrier 

damping constant γ , where N  is the carrier density, *m  is the effective mass of the 

electron, and 0ε  is the free-space permittivity 1210854.8 ×  F/m.  The mobility can be 

obtained from )/( *γµ me= .  The summation term in Eq. (4.6) is over all lattice 

oscillations with the jth transverse optical (TO) frequency jTOω , oscillator strength jstε  

and phonon damping constant jΓ .  For the hexagonal wurtzite bulk ZnO in the THz 

region, it is known that the main dielectric response is from the E1(TO) vibrational mode 

[19,31].  Thus, based on Eq. (4.6), the dielectric function )(ωε  describing our measured 

sample  can be simplified as shown in below and described in equation 4.3 
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The real and imaginary dielectric constants are more in Fig 5.4 below and are represented 

by open circles. 

 

 The simple effective medium theory in tandem with the classical theory of independent 

pseudo-harmonic approximation allows us to obtain a theoretical fit for the calculated 

refractive index and the power absorption. The procedure followed to calculate the 

theoretical value of the refractive index and power absorption is described in section 4.1 

and Appendix C. The refractive index and the power absorption fitting with solid lines is 

shown below in Fig 5.3. Based on Eq. (4.7), the solid curves in Fig.5.3 presents a good fit 

on the experimental data (solid circles) of single crystalline ZnO using the parameters: 

5.1=∞ε , stε = 3.40, πω 2/TO = 12.41 2.0±  THz and π2/Γ =21.0 2.0±  THz.
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FIG. 5.3 Comparison of measured results (open circles) with theoretical fitting (solid 

lines) for ZnO tetrapod structures: (a) power absorption )(ωα ; (b) refractive index )(ωn . 

(Inset shows the same curves up to 25 THz). 
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The real and imaginary dielectric constants are more in Fig. 5.4 below and are 

represented by open circles. Again, by combining equation 4.3 and the effective medium 

theory equation we obtain a theoretical fit for the experimentally obtained real and 

imaginary dielectric constants by using the same parameters used to obtain the theoretical 

filling for the refractive index and power absorption. In figure 5.4, the solid lines 

represents the theoretical fit for the experimentally obtained dielectric values. The value 

of the filling factor f used to fit all the refractive index, absorption, and complex 

dielectric is 0.0173649. The fitting reveals the presence of a dominant TO-phonon 

resonance of ZnO tetrapods, centered at πω 2/TO =12.41 THz with a phonon damping 

constant π2/Γ  = 21.0 THz and a strength stε = 3.40.  It is worth noting that such a TO 

mode at 12.41 THz is a typical transverse optical mode in the bulk ZnO of wurtzite 

structure with the assignment E1(TO) [19,31]. Let us assume that τ is the TO phonon 

lifetime, such that we have τ = Γ/1 with value τ/2π = 47.6 fs. In fact, τ depends very 

minutely on the type of scattering mechanism and a number of different scattering laws 

usually define the various lifetimes. Here, the obtained TO phonon lifetime τ results and 

depends mainly upon calculation of absorption in which scattering from transverse 

optical phonon has been considered [32]. 
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FIG. 5.4 Frequency-dependent complex dielectric function of ZnO tetrapod structures: 

(a) real part )(ωε r , and (b) imaginary part )(ωε i .  The solid curves and the open circles 

represent the theoretical fitting and the experimental data, respectively. (Inset shows the 

same curves up to 25 THz). 
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In order to have a clearer understanding of the results of the analysis obtained in the THz 

regime, the THz-TDS results of the single crystal of ZnO is obtained and compared. 

Figure 5.4 shows the comparison between the power absorption and refractive index of 

ZnO with that of the single crystalline ZnO. The single crystal ZnO sample is of high 

purity (>99.99%) which is also undoped. The dimensions of this sample used were 5 mm 

× 5 mm × 0.5-mm-thick, free standing single crystal having wurtzite structure. Hence, it 

is evident from Fig. 5.4, that the THz spectra of single-crystal ZnO shows similar 

behaviors as that of ZnO tetrapod structures but with a lager index of refraction, 2.80, 

than the value of ZnO tetrapod, 1.03. Similar methods as that of ZnO tetrapods were used 

to calculate the theoretical fit for the single crystal structure.  Based on Eq. (4.3) and the 

effective medium theory , discussed previously, the solid curves obtained and shown in 

Fig. 5.4 presents a good fit on the experimental data (solid circles) of single crystalline 

ZnO using the parameters: 705.3=∞ε , stε = 4.065, / 2 12.42TOω π = THz and 

π2/Γ =0.82 THz.  It demonstrates that the THz spectra of single crystal ZnO are also 

dominated by the E1(TO) phonon mode centered at the frequency 12.42 THz. All of these 

features clearly imply that ZnO tetrapod structures represent quite similar characteristics 

as the single-crystal ZnO in the low-frequency THz regime. 
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FIG. 5.5 (Color online) Comparison of (a) measured power absorption (offset by 5.0 

1/cm ) and (b) refractive index of ZnO tetrapods (open circles) with that of single-crystal 

ZnO (solid circles).  The solid curves are the corresponding theoretical fit.  
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Usually it is observed that the nanostructures show quite a bit of dissimilar properties as 

compared to its bulk structure. But here we obtained and observed from the THz-TDS 

that the nanostructure and the bulk structure has very similar THz spectra with apparently 

no differences. It indicates that the ZnO tetrapods keep almost overall crystal structure of 

the bulk ZnO. This result is also quite consistent with that of ZnO nanoparticles or ZnO 

nanotubes [33, 34].  

 

When the radius of the nanostructures tends to approach the Bohr radius of the exciton, 

the quantum confinement effect will become predominant and noticeble.  The diameter of 

the legs in ZnO tetrapods is between 200 and 800 nm which are much larger than that of 

the Bohr radius of ZnO (the calculated value is about 2 nm).  This is why there are no 

obvious distinctions observed in dielectric properties between the single-crystal ZnO and 

tetrapod structures [34]. 

 

 

5.5 ZnO nanowires  

 

The next sample analyzed is another ZnO crystalline structure, the nanowire. The optical 

and dielectric properties, in the range of 0.1 to 4.5 THz using THz time-domain 

spectroscopy (THz-TDS) are being characterized. 
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5.6 Description of ZnO nanowires 

Figure 5.5 shows the images of the ZnO samples. The ZnO nanowire used in our case has 

been produced, using a microemulsion-mediated hydrothermal process under very mild 

conditions [35]. This process is very simple and direct unlike complex and expensive 

vapor transport and physical vapor deposition processes having rigorous experimental 

conditions [35]. 

 

In this process the nanowire was prepared by quaternary microemulsion by mixing 1 

gram of cetyltrimethylammoniumbromide (CTAB, AR) and 1.2 mL of Zn(OH)4
-2. While 

making this solution the pH value of the mixture of zinc acetate and NaOH was adjusted 

to 14. 3 mL of n-hexanol and 10.2 mL of n-heptane was used as the reaction media. Care 

was taken such that, there was a constant stirring and thereafter the mixture was 

transported into a 25 mL teflon-lined autoclave which was heated to 140° C for about 13 

hours. A white precipitate was formed which was then washed several times  using 

ethanol and diluted water. And, lastly nanowires of ZnO was obtained by centrifugation 

and drying in vacuum at 60-70° C [35]. 

 

The morphology of the ZnO thus prepared was examined very carefully by the scanning 

electron microscope (SEM, Amary, FE-1910) and transmission electron microscope 

(TEM, Hitachi , H-9000NAR). Figure 5.6(a) and 5.6(b) shows  typical SEM and TEM 

images respectively. The SEM picture reveals that the nanowires of ZnO has the typical 

diameter of  30-150 nm with aspect ratio larger than 50. The TEM image of the same 

shows a diameter of 30 nm with a length of up to 3 mµ  [35].  
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Figure 5.6 SEM image (a) and TEM image (b) images of ZnO nanowires 
 
 

(a) 

(b) 
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5.7 Analysis Procedure of ZnO nanowires 

These as-obtained sample of ZnO nanowires were then placed in the cells by the 

application of neutral pressure. The structures of the reference and sample cells are 

shown in Fig. 2.7. The dimension of the cell holding the ZnO nanowires is 6 mm × 12 

mm × 0.628 mm. Both cells were placed in an aluminum holder and centered over a 5-

mm-diameter hole, which defines the optical aperture. The aluminum holder unit was 

placed exactly at the beam waist of the THz-TDS system as shown in Fig 2.4. The THz-

TDS system used for this work is described in section 2.1 and 2.2. Amplitude transfer 

function for parallel dielectric slab is being used for data extrapolation [10]. Due to 

relatively clean separation in time between the main transmitted pulse and the first 

reflection, the data analysis was performed on the main pulse only [9]. This 

approximation makes the first transmitted pulse free of oscillation enabling us to 

calculate the power absorption α and refractive index n rather very precisely [9]. 

 

5.8 Results obtained and discussion for ZnO nanowires 

 

Figure 5.6(a) shows the measured reference and sample THz pulse obtained from the 8-F 

confocal system (described in the section 2.1 and 2.2) used for the analysis of the ZnO 

nanowires and Fig. 5.6(b) shows the corresponding Fourier-transformed amplitude 

spectra. Experimentally obtained frequency dependent refractive index ( rn ) and power 

absorption (α ) are extended in the THz region from 0.3 to 3.5 THz.  
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FIG. 5.7 (a) Measured reference and sample pulses and (b) the  corresponding Fourier-

transformed spectra of ZnO nanowires. 

 

 

 

 

0 1 2 3 4 5
0

1000

2000

3000

4000

5000

6000
 Reference
 Sample

(b)

 

 

A
m

pl
itu

de
 (a

.u
.)

Frequency (THz)

0 1 2 3 4 5 6
-300

-150

0

150

300

450

600

 Reference
 Sample

(a)

 

 

A
ve

ra
ge

 C
ur

re
nt

 (p
A

)

Delay (ps)



 45

The power absorption and refractive index were extrapolated. The ratio between the 

amplitude spectra of the reference and that of the sample gave the effective absorption by 

the sample whereas the phase shift was calculated to determine the refractive index [30].  

The frequency-dependent power absorption coefficient )(ωα  and the refractive index 

)(ωn  are plotted as solid circles in Fig. 5.7.  The measured power absorption increases as 

a function of frequency and no prominent absorption peak is observed below 3.5 THz, 

whereas the refractive index approaches a constant 1.088. 

 

In the experimental setup the sample was placed in a host medium which plays a 

significant role. To take this into account we introduce a simple EMT which is described 

in details in section 4.1. In this EMT theory, f is the filling factor which is defined as the 

ratio of the volume of actually measured sample to the volume of the cell that held it. The 

mε term present in the above EMT equation is estimated by a pseudo-harmonic equation 

described within the frame of classical theory which is given by the equation 5.1 which is 

further reduced and simplified to equation 5.2 by the same way as described above for the 

ZnO tetrapods. Thus simple effective medium theory in conjunction with the classical 

theory of independent pseudo-harmonic approximation allows us to obtain a theoretical 

fit for the calculated refractive index and the power absorption. The procedure followed 

to calculate the theoretical value of the refractive index and power absorption is described 

in section 4.1 and Appendix C. The refractive index and the power absorption fitting with 

solid lines is shown below in Fig 5.7. Based on Eq. (5.2), the dotted curves in Fig.5.7 

presents a good fit on the experimental data (solid circles) of single crystalline ZnO 
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nanowire using the parameters: 75.1=∞ε , stε = 1.42, πω 2/TO =12.41 2.0±  THz and 

π2/Γ =12.50 2.0±  THz. 

 

The complex dielectric constant is calculated from the experimentally obtained from the 

results of refractive index and power absorption data. The complex dielectric constant is 

given by the following relationship: 2)()( ir inn +=ωε , where rn is the real dielectric 

constant and in  is the imaginary dielectric constant whereas )(ωε  being the complex 

dielectric constant. The imaginary part of the refractive index is related to the power 

absorption by the relation, παλ 4/0=in and therefore the real and imaginary part of the 

dielectric constant are obtained by the relations: 2
0

2 )4/( παλε −= rr n  and 

πλαε 2/0ri n=  where rε and iε  are real and imaginary dielectric constants [18]. 

 

The real and imaginary dielectric constants are shown below in Fig 5.8 and are 

represented by solid circles. By combining the simplified equation 5.2 and the effective 

medium theory equation we obtain a theoretical fit for the experimentally obtained real 

and imaginary dielectric constants by using the same parameters used to obtain the 

theoretical filling for the refractive index and power absorption. In figure 5.8, the solid 

lines which represent the theoretical fit for the experimentally obtained dielectric values. 

The value of the filling factor f  used to fit all the refractive index, absorption, and 

complex dielectric is 0.082. A procedure to obtain the theoretical value of the real and 

imaginary dielectric constant is described in section 4.3 and Appendix A. 
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Figure 5.8 (a) Measured refractive (open circles) and theoretical fitting (solid lines) of 

ZnO nanowires.  (b) Measure power absorption of dielectric constant (open circles) and 

theoretical fitting (solid lines) of ZnO nanowires. . (Inset shows the same curves up to 25 

THz). 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.90

0.95

1.00

1.05

1.10

1.15

1.20

0 5 10 15 20 25
0

50

100

150

200

250

300

0 5 10 15 20 25
0.90

0.95

1.00

1.05

1.10

1.15

(b)

 

 

Re
fr

ac
tiv

e 
In

de
x

Frequency ( THz )

0

5

10

15

20

25

30

 

 

 

Po
w

er
 A

bs
or

pt
io

n 
( 1

/c
m

 )
(a)

Frequency ( THz ) 

 

 

Po
w

er
 A

bs
or

pt
io

n 
( 1

/c
m

 ) 

 

R
ef

ra
ct

ive
 In

de
x 

 

Frequency ( THz ) 

 



 48

The fitting reveals the presence of a dominant TO-phonon resonance of ZnO, nanowires, 

centered at πω 2/TO =12.41 2.0±  THz with a phonon damping constant π2/Γ  = 

12.50 2.0±  THz and a strength stε = 1.42. 

 

It can be noted that the TO mode at 12.41 THz is a transverse optical mode in the bulk 

ZnO of  the wurtzite structure with the assignment E1(TO) [31]  If τ is the TO phonon 

lifetime we have τ = 1/Г with value τ/2π = 142.85 fs.  Actually, τ depends very critically 

on the type of phonon scattering mechanism and different scattering laws usually define 

the various lifetimes.  The obtained TO phonon lifetime τ results mainly from the 

calculation of absorption in which scattering from transverse optical phonon has been 

considered [16]. 

 

Like what we have seen in the case of ZnO tatrapods, here also when the radius of the 

nanostructures tends to approach the Bohr radius of the exciton, the quantum 

confinement effect will become predominant and noticeable.  The dimensions of the 

tubular sample are ~ 450 nm in diameter and ~ 4 µm in length which are much larger 

than that of the Bohr radius of ZnO (the calculated value is about 2 nm).  This is why no 

obvious distinctions were observed in dielectric properties between the single-crystal 

ZnO and nanowire structures [34]. 
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 Figure 5.9 (a) Measured real part of dielectric constant (open circles) and theoretical 

fitting (solid line) of ZnO nanowires  (b) Measured imaginary part of dielectric constant 

(open circles) and theoretical fitting (solid line) of nanowires.(Inset shows the same 

curves up to 25 THz). 
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5.9 Comparison between ZnO tetrapods and nanowires 

 

Finally a comparative study of the absorption and the refractive indexes of the ZnO 

tetrapods and nanowires are shown below in Fig. 5.10. As described earlier both the 

structures are analyzed by same process and also same procedure was followed to obtain 

the theoretical fits. This result clearly indicates that both the structures are quite similar in 

characteristics in the low frequency of the THz regime. 
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FIG. 5.10 Comparison of (a) measured power absorption (offset by 5.0 1/cm)  and (b) 

refractive index of ZnO tetrapods (open circles) with that of ZnO nanowires (solid 

squares).  The solid curves are the corresponding theoretical fit.  
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5.10 Theoretical relation of Power absorption and frequency 

In the Fig. 5.11 below, a theoretical plot of )(ωα , the power absorption and frequency of 

the ZnO nanostructures has been shown.  

We know that: 

( )
π
λωα

ωε
2
)( 0r

effi
n

=                                                                                                 (5-3) 

From Eq. (5-3), we can have  

( )
r

effi

n
12

)(
0

⋅=
λ

ωπε
ωα                                                                                                    (5-4) 

Now, from the simple effective medium theory, we can have, 

)()()1()]()([)( ωεωεεωεωεωε effieffrhireff ifif +=−++=  

Therefore, )1()()( ff reffr −+= ωεωε  and )()( ωεωε ieffi f=                                         (5-5)                          

Now, by substituting the value of )(ωε effi  from Eq. (5-5) to Eq. (5-4), we get 

( )
r

i
n

f 12
)(

0
⋅=

λ
ωεπ

ωα                                                                                                  (5-6) 

The ( )ωε i  term in the Eq. (5-6) can be obtained from the classical pseudo-harmonic 

model used. According to this model we have  

ωωω
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Multiplying and dividing the second term of the right hand side of Eq. (5-7) by its 

complex conjugate and expressing the equation as a combination of real and imaginary 

parts we get as follows: 
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Now separating in the real and imaginary parts, we obtain: 
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Now by comparing equations (A-b) (from Appendix A) and (5-8), we obtain, 
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Now , subsituting this value of  )(ωε i  from Eq. (5-10) to Eq. (5-6), we can obtain, 
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Here we use the relation: νλ c=0   ( c  being velocity of light and ν being frequency).  

Here, the value of rn  is obtained as described in Appendix C, which given by:  

( ) ( ) ( )
2

422 22 ωεωεωε effieffreffr
rn

++
=   
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 where, )1()()( ff reffr −+= ωεωε  and value of )(ωε r can be obtained form equation (5-9).             

Hence we can obtain theoretical plot for )(ωα  and frequency which is shown for three 

different samples in Fig. 5.11. Fig. 5.11 (a) shows the theoretical plot of the absorption 

and THz frequency ZnO nanowires, while Fig. 5.11 (b) shows the plot that of ZnO 

tetrapod and Fig. 5.11 (c) shows the plot of single crystal bulk ZnO. Finally in Fig. 5.11 

(d), a comparison of all the three sample has been shown in the THz frequency range of 

0.1 – 3.5 THz and the inset of Fig. 5.11 (d) shows the comparative absorption plot of  all 

the three sample up to a range of 50 THz. It is to be noted here that same fitting 

parameters for all the samples has been used to obtain this analytical theoretical plot.  
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Fig. 5.11.  Power absorption of (a) Nanowires (b) Tetrapods and (c) 

Bulk ZnO and (d) comparison of Nanowires, tetrapods and bulk ZnO 

up to 3.5 THz and inset show comparison up to 50 THz. 
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CHAPTER VI 

CONCLUSION  

 

 This report describes the work which uses a modified THz-TDS system consisting of 8-F 

confocal geometry, used to characterize different structures of ZnO, a II-VI compound. 

This specially modified arrangement has four parabolic mirrors carefully placed apart 

from each other by specific distances that provide a very tight beam with reduced beam 

diameter in comparison with the 4-F confocal system constituting of two parabolic 

mirrors. This allows more utilization of the THz power. Our system is perfectly designed 

and perfectly chosen for this type of work where the sample size is in nanoscale. 

 

The samples characterized in this work are tetrapods and nanowires of ZnO.  The 

frequency-dependent power absorption coefficient )(ωα and the refractive index )(ωn  

are calculated for each sample. The complex dielectric constant is calculated from the 

experimentally obtained results of refractive index and power absorption data. Thus 

simple effective medium theory in conjunction with the classical theory of independent 

pseudo-harmonic approximation allows us to obtain a theoretical fit for the calculated 

refractive index and the power absorption.  

 

The parameters which where used to obtain the above mentioned fits are: stε , which is  
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the oscillator strength, ∞ε , the high frequency dielectric constant, TOω , the angular 

frequency of the transverse optical mode and Γ  being the damping constant. The filling 

factor f  is also a very important fitting parameter. 

 

The following table summarizes the exact value of the parameters used to fit the index, 

absorption, real and imaginary dielectric constants of the samples:- 

 

Table I 

SAMPLE(ZnO) stε  ∞ε  πω 2/TO  π2/Γ  f  

TETRAPOD 3.40 1.50 12.41 2.0±  THz 21.0 2.0±  THz 0.01736 

NANOWIRE 1.42 1.75 12.41 2.0±  THz 12.50 2.0±  THz 0.0819334

 

It shows that the THz spectra of nanostructures of ZnO (tetrapods and nanowires) are 

dominated by the E1(TO) phonon mode centered at the frequency 12.41 THz.  

 

Quantum confinement effects are often expected and observed in nanostructures and 

hence they usually present a quite dissimilar optical property from bulk materials due to 

their high surface-to-volume ratio or their drastic changes in electron. But our THz-TDS 

study has shown that the THz spectra of ZnO structures (tetrapods and nanowires) are 

similar with that of bulk single-crystal ZnO.  This implies that the ZnO tetrapods and 

nanowires preserve almost the overall crystal structure of the bulk ZnO. 
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CHAPTER VII 

FUTURE WORK 

 

In this work, ZnO nanostructures including tatrapods and nanowires have been 

characterized and analyzed by THz-TDS.  As a part of the future work, a more interesting 

structures (nanobelt, nanorod, nanowall, tube-like and prism like structures) of ZnO can 

be characterized and compared with bulk crystalline ZnO.  

 

All the structures of ZnO measured here as a part of the thesis work has the dimensions 

much larger than that of the Bohr radius (which is calculated to be 2 nm) for ZnO. As a 

part of future work, very fine structures, less than the size of the Bohr radius can be 

analyzed. This may give some distinctions between the dielectric properties of single-

crystal and nanostructured ZnO. 
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APPENDIXES: 

 

APPENDIX A: 

We have the equations. 

ωωω

ωεε
εωε

Γ−−

−
+= ∞

∞
iTO

TO
22

2
0 )(

)(                                                                                    (A-a) 

 

)()()( ωεωεωε ir i+=                                                                                                   (A-b) 

 

Multiplying and dividing the second term of the right hand side of equation (a) by its 

complex conjugate and expressing the equation as a combination of real and imaginary 

parts we gets as follows: 
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Now separating in the real and imaginary parts, we obtain: 
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Now by comparing equation (b) and (d), we obtain, 
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APPENDIX B: 

 

We know the following relation: 

)()()1()()( ωεωεεωεωε effieffrhmeff iff +=−+=                                                   (B-a)         

In the above equation, mε  is the dielectric constant of the material which can be further 

splitted into its corresponding real and imaginary parts as: 

)()()( ωεωεωε irm i+=                                                                                                (B-b) 

Now equation (B-a) becomes             

)()()1()]()([)( ωεωεεωεωεωε effieffrhireff fif +=−++=          

)()()()]1()([ ωεωεωεωε effieffrir iifff +=+−+⇒                                                    (B-c) 

Therefore, we get by comparing the right and left hand side of the equation (B-c)  

)1()()( ff reffr −+= ωεωε                                                                                           (B-d) 

)()( ωεωε ieffi f=                                                                                                           (B-e) 
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APPENDIX C: 

We have two equations:- 
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Substituting in equation (C-b) in (C-a) we get, 
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Solving the equation (C-c) , we obtain, 
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The first set of result in the above equation is used to obtain the value of rn  while other 

sets are discarded.  

From ( C-b ), we can obtain 
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Note : The value of )(reffε and )(ieffε used here are obtained by the method as described 

in Appendix B.
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