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Terahertz spectroscopic studies of ITO

nanostructures
Student: Kuan-Ju Tseng Advisor: Prof. Ci-Ling Pan

Department of Photonics and Institute of Electro-Optic Engineering,
College of Electrical Engineering National Chiao Tung University

Abstract

We have investigated the optical and electrical properties of Indium
Tin Oxide (ITO) nanocolumns by using terahertz time domain
spectroscopy (THz-TDS). First, we, measured the THz time domain
waveform for both samplezand referenge, After transforming into
frequency domain, we ‘extracted | thes freguency dependence complex
refractive index. Second; wegcan determine the experimental complex
conductivity by complexstefragiiegnaex=\With:fitting the real and image
part of conductivity by DrudesSmith modeliéwe finally extract the fitting
parameters such as plasma frequency, “scattering time and Drude-Smith
constant c.

In this work, we obtained the plasma frequency of ITO nanocolumns
is around 74~396 rad-THz, and the scattering time is around 34~68 fs.
Moreover, the electron original velocity fraction coefficient is larger than
-0.4. The electrical properties of ITO nanocolumns derived from
non-contact optical techniques have been determined. The mobility is
100~400 cm?/Vs and the carrier concentration is 0.05x10"*~1.5x10"° cm™®,
Comparing with conventional Hall or four probe measurement, THz-TDS
IS a non-contact method and the electrical properties of nanostructure
material can be derived from the experimental conductivity by fitting
with the Drude-Smith model.
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Chapter 1: Introduction

1.1 THz radiation

Terahertz radiation is type of electromagnetic waves at frequencies
in the terahertz region and it referred to as the frequencies from 100 GHz
to 30 THz. Terahertz lies in the frequency gap between the infrared and
microwaves as shown in the Figure 1.1. 1 THz is equivalent to 33.33cm™
(wave numbers), 4.1 meV photon energy, or 300 um wavelength.

In the early time, people don’t know much about terahertz because
the generation and detection technologies are not well established. At
middle 1980s, the development of femtosecond laser contribute to the
studies of terahertz and Austen;successtally used photoconductive dipole
antenna to generate and deteci=caherentiys\] Hz.radiation in time domain
[1]. This technology is| called terahértzmtime domain spectroscopy
(THz-TDS). After the research.ai#Adston,*many.other generation methods
have been developed suchas oOptical rectification [2], surge current in
semiconductor surface [3], quantum-oascade laser [4] and successfully

used ZnTe crystal to detect THz radiation by free-space electro-optic

sampling [5]. ‘ﬂb. (‘ﬂp

10° 103 10° 10° 10"2 10" 10'® 10%

1024

DC Kilo Mega Giga Tera Peta Exa Zetta Yotta

Frequency
Fig. 1.1 The spectral range of electromagnetic waves
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Terahertz has much smaller photon energy (4.1 meV) compared to
X-ray and therefore this kind of non-destruction measurement can be
used for biology and medical sciences [6]. Image and tomography [7] of

THz have also been studied and can be applied to homeland security.

1.2 Material of nanostructures

A nanostructure is an object of intermediate size between molecular
and micrometer-sized structures. Performance of devices based on
semiconductor nanomaterials can depend sensitively on the nanostructure
morphology. Material of nanostructures include nanorod, nanoparticle,
nanoshell, nanoring, nanocages[8], nanoflower[98], nanocomposite and
nanoflake. Compare with a holk~materallef nanostructure usually have
different optical and electrigal-praperties. i nairis why people interesting

in nanostructure materials.

Interest in nanotechrielogy“is growing sapidly. Now it is possible to
arrange atoms into structures ‘that-arerobly a few nanometers in size. A
nanometer is about four atom diameters or 1 / 50000 of a human hair. A
particularly attractive goal is the self-assembly of nanostructures, which

produces large amounts of artificial materials with new properties.

Recently, many nanostructured semiconductors like InP-nanoparticle
[10], ZnO-nanowire [11], Si-nanoparticle [12] have been studied using
THz-TDS technology and the particular conduction behavior have been
observed. In comparison with conventional far-IR source and detector,
THz-TDS is a coherent technology that means both amplitude and phase

information can be obtained.


http://en.wikipedia.org/wiki/Molecular
http://en.wikipedia.org/wiki/Micrometre
http://en.wikipedia.org/wiki/Structure

1.3 Transparent Conductive Oxides (TCOs)

Materials that exhibit high optical transmittance and large electrical
conductivity are of importance in many contemporary applications. An
interesting group of materials with these properties is known as
transparent conducting oxides (TCOs), with indium tin oxide (In,O3 : Sn,
denoted ITO) one of the most frequently investigated materials. It is used,
for example, as an electrode in light emiting diodes [13] [14], solar cells
[15], electrochromic devices such as smart windows, and flat panel

displays.

1.4 Motivation for THz meéasaerement

For the sample of manorod, weCan"teasilymeasure it by direct Hall
measurement or four probeynjedsurement.” Beeause we are interesting in
the electrical properties of Indivaddalynanorod structure. Although the
direct four-probe electrical-transport measurement of nanowire had been
reported [16], it is hard to do and contain some luck. By optical analysis

we can easily measurement the nanostructure sample.

Comparing with conventional Hall measurement, THz-TDS is a
non-contact method and it can avoid destroying the surface of
nanostructure material. The electrical properties of nanostructure material
can be derived from the experimental conductivity by fitting with the

Drude model or Drude-Smith model.



Chapter 2: Experimental and theoretical

method

2.1 THz time-domain spectroscopy

2.1.1 THz time-domain spectroscopy

THz time-domain spectroscopy (THz-TDS) has been proven as an
effective, noncontact method for determination of the electrical
characteristics such as conductivity and mobility of materials. The setup
of the transmittance THz system is discussed chapter 3. The temporal
profile of THz signal can be mapped out by monitoring the bias crossing
the electrode of the detectioh antennaqfrém, a lock-in amplifier as a
function of delay time fgtween:{the bpump» puise and the probe pulse.
Therefore, we can obtairizthe information for bothiamplitude and phase. In
this section, we will discuss the €xperimental @and theoretical method for
THz-TDS in order to extraetsthe optiealband electrical properties of

materials.

2.1.2 Propagation of electromagnetic wave
Thick samples

If the sample is thick enough, the main signal of transmission in time
domain is clearly separated with reflection signal as shown in Fig.2.2. We
used high resistivity Silicon wafer with thick of 525 micron meter as
example. Thus, we can cut the reflection signal in order to simplify our

analysis (dotted line).



Figure 2.1 show the ray optics method of the thick sample. The time
delay can be equal to distance / c, ¢ is the speed of light. Thus we can
determine the delay of second reflection and third reflection signal as

following:

; -6
delay = 2 x thickness _ 2><52§3><10 ~12ps (2_1)
c/n 3x10°/3.42

Compare with Fig.2.2 , we can find out the second signal in delay of
12ps after main signal and equal delay from second to third signal. Finally,
the ray optics method seems Ariore reasofiable. If the sample is thick
enough, the main signal//of =transpiission, ifl+time domain is clearly
separated with reflectiorzsignal. ThusAn@ can ctt the reflection signal in

order to simplify our analysis

ECII (m) AT

v

Main signal

v

Incident beam Second reflection signal

v

Third reflection signal

Fig.2.1 Figure of ray optics model for thick sample



THz-Field(a.u)

Main signal

0.0012 1 ! i
i : Second reflection signal
0.0008 l :
i i l Third reflection signal
0.0004 4 l
0.0000 1 Z :
-0.0004 |

5 0 5 10 15 20 25 30 35
time delay(ps)

Fig.2.2 THz time-dowiar wayeformdrafismitted the 525 xm
silicon substratefand the=dotted Hine is,thegnain signal

Thin samples

delay will be smaller than 1 ps , which is in duration of THz pulse. We

can not distinguish the second reflection from the main pulse. Thus, we

Considering a thin film Silicon with thickness below 50um, the time

consider the multi-beam reflection in our analysis.

through the sample and the reference. Eq(w) is the incident THz field,
Eref(®) is the field after the light propagated from substrate, Eg(w) is the
signal field transmitted through the sample. ny, n, and n3 are the refractive
index for air, sample and substrate respectively. d is the thickness of

sample and c is speed of light. The concept will be applied to the

Fig.2.3.1 and 2.3.2 show the basic diagrams of the light propagating

THz-TDS analysis with gathering both reference and signal data.

6
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Incident beam

d D
Fig.2.3.1 The di erence

E,(w) A _1555] E ()

v

Incident beam

4 n; | Nz

v L

A
v
A

d D

Fig.2.3.2 The diagram of the sample

Now, we consider the THz beam to normal incidence. From Fresnel
equation, we know that amplitude transmission and reflection coefficient

can be expressed by



t. = ‘ -
o+, (2-2)
- 2n,

"on+n, (2-3)
LN

" n+n (2-4)

We can write down the reference and signal field in the form of E,,

E,.¢(®) can be determined by

-mod+n;wD

Eref (Ct)) = t13t31Eo (a))e ¢ (2'5)

By considering the .« o within the thin sample,

(2-6)

inza)d ;3
E cample (@) =Ej(o)t,te ¢ +Ej(@)tyty, e ©
i5n2a>d i(2q+1)n2a)d
2,2
+E (o)t tyshe ¢ +-+E (a’)tlztzsrqurzqse ‘

(2-7)

where ¢ is the number of multiple reflection, and assuming the number of

multiple reflection is infinite(9 =), Esampie Can be simplified as

i nyod

t C
) e -9

1- l,13€

Esample




For ny is the refraction index of air (n;=1) and tyotystisryif; are
Fresnel amplitude transmission and reflection coefficient which can be

represented by

hy=—""7 In= (3-9)

From equation (2-5) and (2-6), the theoretical complex transmittance

can be given by

(fp-Dod
Esig (a)) _ t'12'[23e

E - iﬁzwd
(O e )

te (@) = (2-10)

This formula is the theporBtical=coniplex transmittance of our thin
sample, only if the substrate”is-thick Endugh\Otherwise, we should take
the multi-beam reflection inteaecount.ef-the-Substrate. All the substrate
we used is about 500umg40 it is'cl€adly separated: with reflection signal as

shown in Fig.2.4.

0.0012+
_0.0008-
>
W
S 0.0004 -
©
L
T 0.00004
= ‘1\1
-0.0004
0 5 10 15 20 25 30

time delay(ps)

Fig.2.4 THz time-domain waveform transmitted the
323nm ITO rod on 525 gmsilicon substrate.



On the other hand, we also can use ray optics method to determine

the same transmittance. For tracing the beam, we take the reflectance and

phase into condition as shown in Fig.2.5. o=knd  js wavenumber, n is

refractive index of medium and d is traveling distance of the beam.

h _ tlZ —
“ {.r.e’
z 1 2j4 127237 _— —
12"l € "
- I
1 2 3
air substrate
Fig.2.5 ThregphaSe=(@it/sam [ tE) using
multiple reflecti 1 sfittance.

The total reflectance can be¢

r;I.2 + r23e_2151

A A Y () R A Lt (2-11)
Because t=1+r, the transmittance can be determined by
t— (L+1,) L+ r,)e ™ _ ot (2-12)

-2j5, - -2j5,
1+r,r,.e 1+r,r,.e

Finally, equation (2-12) is equal to (2-10). Two methods of calculate
the transmittance can get the same formula, it shown this theoretical

transmittance is reliable.

10



2.1.3 Refraction index extraction

We used Terahertz Time Domain Spectroscopy (THz-TDS) to
determine the Experimental transmittance. By using the Fourier transform,
the original time domain data is going to be the frequency domain. Figure
2.5.1 show the original transmittance of air and transformed to frequency
domain. In frequency domain, we only used real part of transmittance in

our calculation. We got the Experimental data for both sample and
reference. Thus, we give the Experimental transmittance to be 7, (@.#,).
Obviously, it doesn’t exit an exact solution for the complex refractive

index. So, we used a humericalzmethoa-ta‘extract the refractive index. In

this way, we define an erret/function:as below

T (0,1, 1) — T @y, K2)| = Error(w,n,, x,) (2-13)

First, we decided the frequency o, if it exist the complex refractive
index which makes the error function closest to zero. We can extract that

refractive index by use of mathematical program.

FindMinimum[Error(a,n,, x,)] (2-14)

We determine a range of complex refractive index for calculation
and extract the best one which makes the error function is closest to zero
for each frequency. Figure 2.6 is the contour plot of error function with
ITO thin film. We set the range of complex refractive index of

{n2,-50,50},{k2,-50,50}, and it is easy to find that there is a minimum

11



position in the contour plot. With the program, we find the local
minimum of 2D sets and gathering all of them in each frequency. Finally,
we found the complex refractive index extracting from the experimental
data. Figure 2.6.1 show the complex refractive index of ITO thin film in

each frequency calculated with Wolfarm Mathematica for example.

—_
Q
~

0.0015 4

u)

0.0010 4

©
o
S
S
a

0.0000 4

THz-Field(a

-0.0005 4

(b)

Power

6 4 2 0 2 4
frequency(THZz)

D

Fig.2.5.1 (a) Original transmittance of air in time
domain (b) In frequency domain
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251

201

e,
%
. 25
\..‘ \

Fig.2.6 The contour plot of error function
forn, k

v

X

.

ALY

L L L L L
e
05 10 CAB e, o \v'}ﬂ 05 1.0 15

Fig.2.6.1 Real part of refractive index (left) and image part
(right) calculated in Wolfarm Mathematica for example.
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The following figure is the extraction of complex refractive index
step by step. The complex refractive index is frequency dependence and
the next section discuss how to determine the complex conductivity by
the refractive index

THz TDS system Three phase Fresnel equation

Substrate (ref)
Sample (sig)

Frequency dependence [N, ,Kk,]

Fig.2.6.2 Extraction of complex refractive index step by step
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2.1.4 Optical conductivity

Maxwell equation

Maxwell equations represent one of the most elegant and concise
ways to state the fundamentals of electricity and magnetism. There are
four partial differential equations that relate the electric and magnetic
fields to their sources. Furthermore, these equation can be combined to

show that light is an electromagnetic wave. Maxwell equation is shown as

below:

B} s 1
VeB=p Gauss’s law (2-15)
VeB=0 Gausg’s’law for magfietism (2-16)

_ 3 F :
. araday’s law (2-17)

ot
s ’ ithe M 11
i D, 3 Amperf: Selaw-wathy Maxwe (2-18)
ot corpection

E: electric field
B: magnetic field
D: electric displacement field

H: magnetizing field, also called magnetic field intensity

In our case, we separate bound charge and bound current from free
charge and free current. It is more useful for calculation involving

dielectric materials.

15
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http://en.wikipedia.org/wiki/Magnetic_field
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http://en.wikipedia.org/wiki/Electric_displacement_field
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Complex dielectric function

First, we know the complex refractive of our sample from above
calculation. Second, we can use the real and image part of refractive to

calculate the complex conductivity. Third, we assumed a simple

conducting medium with flowing current J =o€, then Maxwell equation

(2.18) can be shown as following:

VxH :@+5 =J —iwe,e E
ot
: 6 = - =
=—lweyle, ———]E =—lwe,cE (2-19)
iwe,

~ e
E=¢g, +1—
W&

¢ 1s the effective dig an determine effective

dielectric constant from the Ae relation as following:

E=¢g +ig =(n+ix (2-20)

f (2-21)

the complex conductivity can be obtained from equation (2-19)

6(w)= (o, +io,) =lwsg, (e, — &)
O, = WEyE, (2-22)

o, =ws (e, —&,)

Therefore, we obtained the experimental conductivity of real and

image part from complex refractive index by equation (2-22). Fig.2.7
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show that the complex refractive index determined the complex

conductivity of experimental data.

50

—o— real part of refractive index
—o— real part of refractive index

40 =
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o

0.5 1.0 15
frequency(THz)

Fig.2.7 Complex refractive index determined complex
conductivity of 687nm ITO nanorod
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Drude free-electron model

The Drude free-electron model describes the dielectric function &(w)
of a material, &(®)= [n(o)+ik(w)]? consisting of bound electrons and
conduction band electrons in the THz region approximation is given by

[17]

s@)=e.-— (2-23)

frequency, and t is the el¢ atfefing time= The second term arises

from the free carrier

0} = — (2-24)

where N is the free charge carrier concentration, and m” is the effective
free-electron mass, and e is the electron charge. The parameters p and t
are obtained from fitting the THz data. The mobility u =et /m” can be

found from the momentum relaxation time.
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The dielectric function from equation (2-19) (2-20) and (2-23) can
be written as:
io ),

&(®) = N(@)? =(n(0) +ik(w)) =&, +—=5, ———2 (2-25)

we, ? o

where n(®w) and k(w) are the frequency dependent real and imaginary
parts of the complex refraction index N(w). Therefore, we can obtain the
complex conductivity from the Maxwell equation and the Drude

free-electron model. The complex conductivity is denoted by

o(w) = o dB)+

(2-26)

where £,=8.854x107" (F/fi ermittivity. The real and
imaginary parts of experime y o(w) are given by equation
(2-22). For calculating the real and imaginary part of o(®) from equation

(2-26), we know that

@p
£y
__'z
o, (60) - a)z +i (2_27)
TZ
_ ah
oi(@)=—"—7 (2-28)
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First, from transmittance terahertz time domain waveform we have
the experimental complex refractive index by three-phase Fresnel
equation (2-10). Second, the experimental complex refractive index can
be transformed to complex conductivity by extended Maxwell equation
(2-22). Third, the experimental complex conductivity by fitting with
Drude free-electron model is shown in Figure 2.8. The scatter is the
experimental conductivity and blue line is fitting result. Finally, by fitting
the conductivity from Drude free-electron model (2-27) and (2-28), we
determined the fitting parameter of plasma frequency wp and scattering
time t of our sample.

According to this model, th& plasmésfrequency wp (a function of the
free charge carrier density) jis—the [EFiticaNparameter to describe the
material optical properti€s; Qnithesotherhane; oth the plasma frequency

and the scattering time dgtérminethe electrical/conductivity.

4000
o real partiof‘conductivity
30004 © image part of conductivity
2
S 2000+ ~
©
>
T 1000+
c
Q
o JaN o M a) o0
04 o=
-1000 Ly . . .
0.4 0.8 1.2 1.6
frequency(thz)

Fig. 2.8 The complex conductivity of 483nm ITO thin film. The red
scatter is real part of conductivity and black scatter is image part of
conductivity.
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The following figure is the extraction of mobility and carrier
concentration step by step. From the frequency dependence refractive
index, we can determine the complex conductivity. By fitting the complex
conductivity, we extract the fitting parameters and finally calculate the

mobility and carrier concentration.

Frequency dependence [Ny, ,k2] Drude model

o(®) = 2nKoE)

Gi(®) =0€y(&x— n?

Fitting complex conductivity by op,t

a

op qcarrier concentration
T DC mobility

Fig.2.8.1 Mobility and concentration extraction step by
step

21



Drude smith model

While THz is widely used in Chemistry research and measurements
of the conductivity of semiconductor, the flexibility Drude model have
been invested in THz region. Better fits model are in the form of modified

Lorentzians [18]

Oy

7O i G T (2-29)

where the exponents 1-a and B are treated as disposable parameters. With
0=0 and PB=1, we have the Drude result. With f=1 and a setting as
variables is called the Cole-Cold(€C)ipdel. With a=0 and varying the

value of B, it is called the Cole-David$on(€ Dydodel.

The formula withZlorentziar Torm_ reguires that the frequency
dependent conductivity should have the max®num at the zero frequency
and then fall off. Departure phenomena‘have been observed, and we have
to concern with those materials in which o(®) displays a minimum at zero
frequency and a transfer of oscillator strength to higher frequencies in the

form of an impulse response.

The conduction properties of many semiconductors in the terahertz
region have been justified to follow the simple Drude model, but some
nanostructured materials show deviations from it. Recently, Smith
proposed a modified Drude model [19], which can explain the deviations
from the simple Drude model for the nanostuctured materials, particularly

the negative values of imaginary part of conductivity. The complex
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conductivity in the Drude-Smith model is given by

o(w) =" (1+ : ) (2-30)

This generalized Drude formula is called Drude-Smith model following
the name of the inventor, Smith. Where ¢ is a parameter describing
fraction of the electron’s original velocity after scattering and vary
between -1 and 1. In the simple Drude model, the momentum of carrier is
randomized after each scattering event, but in the Drude-Smith model,
carriers retain a fraction c, of their initial velocity. In particular, ¢ = 0
corresponds to the simple Qrude=eondyctivity and ¢ = —1 means that
carrier undergoes complete/bagkseattering:

Thus, the equation X2-26)sean be~niodified,the theoretical complex
conductivity is denoted<\by eqududn (2-30)/4n some nanostructured
materials. By fitting the éxperimnental=complex’ conductivity with fitting
parameters o, , T and c. The rédpedd=de@onductivity in the Drude-Smith
model is given by o=(1+c)eNu. Therefore, a large negative value of ¢
implies that electron backscattering occurs at the boundaries and surfaces
of nanostructures and consequently suppresses dc conductivity. The
reduce DC mobility is given by p =(1+c)et /m’.

Figure 2.8.2 and 2.8.3 show the complex conductivity of Indium
nitride (InN) film and nanorod [20]. The complex conductivity response
of the nanorods is different with InN film. The real part of conductivity
gradually increases with increasing frequency, while image part with a
negative value decreases with increasing frequency. This frequency
dependence can’t be explained by the simple Drude model, in which the

frequency-dependent conductivity has a maximum at zero frequency and

23



monotonically decreases with frequency. Using the Drude-Smith model,

an excellent fit of complex conductivity of the InN nanorods is obtained.

"2 600 [y

_7 500 Re[s]
S 400

£ o 0
o o o
e R v i |

200
()

_EUD 1 1 1 1 1 L | L
0.3 1.0 1.5 2.0 2.9

Frequency (THz)

Im[o]

Conductivity (€Y lem” '}

Fig.2.8.3 [7] Conductivity of the InN nanorods. Solid
and dashed lines correspond to the calculated results
based on the Drude-Smith model.
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2.2 Fourier transform infrared spectroscopy

2.2.1 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a measurement
technique that allows one to record infrared spectra. Infrared light is
guided through an interferometer and then through the sample. A moving
mirror inside the apparatus alters the distribution of infrared light that
passes through the interferometer. The signal directly recorded, called an
"Interferogram”, represents light output as a function of mirror position. A
data-processing technique called Fourier transform turns this raw data
into the desired result (the sample’s=speetfum): Light output as a function
of infrared wavelength (of”equivalently, wdvenumber). As described
above, the sample's speetrum issalwayssCompared to a reference. FTIR
was used to investigaté=ithe opticdldpropertiessof the materials in the
near-IR spectral region. Fhe, reflectance=or transmittance data were used
to determine the plasma fréqueney=amdi{the electronic scattering time
using the Drude free electron model or Drude-Smith model. The complex
dielectric function of materials also determined. In this section, we will
reveal how to derive the optical and electrical parameters by frequency
dependence reflectance. At first, we should make the classification of the
sample such as two-phase (air/sample) and three-phase

(air/sample/substrate).

2.2.2 Complex dielectric function
We can determine the frequency dependence reflectance or transmittance
by Fourier transform infrared (FTIR) spectroscopy [21]. By measuring
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the reflectance signal or transmittance signal for both sample and
background, frequency dependence reflectance or transmittance can be

denoted. We usually use a 1009 reflectance mirror such as gold surface

or silver to be the background. Figure 2.9 is the reflective signal of silver

and Silicon wafer in the range from 6000 cm™ to 11000 cm™,

0.35
0.30 — Silico.n wafer
—— Ag mirror

0.25+
0.20-
0.15+
0.10+
0.05+

0.00+ —j

-0.05

reflectance(a.u)

4000 = 60008000 40000 12000=14000 16000

ivaveriumbertcm™)

Fig. 2.9 Reflective signabef.silver andSilicon wafer from FTIR

The experiment reflectance can express as:

() =

(2-31)

Finally, the experimental reflectance of Silicon wafer had been shown in
Figure 2.10. We used Fourier transform infrared (FTIR) spectroscopy to
determine the experimental reflectance. In the next section, we will
extract the theoretical reflectance to calculate with the experimental

reflectance.
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Fig. 2.10 Reflectance of Silicon wafer from FTIR

In order to determine the\theorétical reflectance of the materials, we
should make the classifieation._of theZ®©ample such as two-phase

(air/sample) and three-phase (air/sample/substrate) at first.

Sample of two-phase (air/sample)
The reflection of two-phase Fresnel equation in the beam of

p-polarized can be expressed as following:

¢~ N,c0s6, —N, cos6,
N, cosé +N,cos6,

(2-32)

Where 0, is the angle of incident beam and 6, is the refractive angle

determined by Snell’law. Snell’s law is a formula used to describe the

relationship between the angles of incidence and refraction, when light or
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other waves passing through a boundary between two different isotropic
media, such as water and glass. The law says that the ratio of the sines of
the angles of incidence and of refraction is a constant that depends on the
media. N is the complex refractive index of the material.

nsing, =n,sing, (2-33)

Sample of three-phase (air/sample/substrate)
The reflection of three-phase Fresnel equation in the beam of
p-polarized can be expressed as following:

2js,
_h et

b1+ rlzr23eizj(Sl

(2-34)
o Akend

Equation (2-33) had been temonstratedds section 2.1, where ry, represent
the reflection coefficient\\fronfgphase=one AQ" phase two which can
determine by equation (2-32)s1he powerréflectivity for p-polarization is

then shown as
2
\ (2-35)

Optical conductivity

The Drude free-electron model describes the dielectric function g(w)
of a material, &(w)=[n(w)+ik(m)]>, consisting of bound electrons and
conduction band electrons which is discussed in section 2.1.4. The

complex dielectric function can be written as

2
a,
el@)=¢,———

N (2-36)
T
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Remember that:

2
v} = in*NC
&,
° (2-37)
er
H=—
m

Finally, we take the complex dielectric function (2-36) into the
theoretical reflectance (2-32) (2-34) so the theoretical reflectance with the

parameters of plasma frequency and scattering time can be extracted.

Thus, we give the experimental reflectance to be R, (). So, we used a

numerical method to extract the electrical parameters. In this way, we

define an error function as belew
error(w,,7) = Sum[‘ Ree(@p, 2, 0 <R. (a))|2] (2-38)

In the summation of alfrequenciesze make the error function to

be the minimum with the electrical parameters:

NMinimize[Error (@, , 7)] (2-39)

Finally, the electrical parameters will be extracted by fitting the
reflectance which measured from Fourier transform infrared (FTIR)

spectroscopy.

The following figure is the extraction of electrical parameters from FTIR

step by step. From Fourier transform infrared spectroscopy, we can
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determine the experimental reflectance. By fitting the reflectance, we

finally extract the fitting parameters.

Two-phase Fresnel equation
Three-phase Fresnel equation

Background (ref) lDrude or Drude-smith model

Theoretical reflectance

. [w, w,, )
Y b | ¢
[ o

Sample (sig)

a
rror (op,t)

1 NMinimize [Error (o,,t)]

Fig.2.11 Electrical parameters extract by FTIR step by step
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Chapter 3: Experimental setup

3.1 THz time domain spectroscopy

3.1.1 Ultrafast laser system

The progress in technology and applications in the field of ultrafast
processes has been remarkable within the last two decades. The advent of
all-solid-state femtosecond laser sources combined with highly efficient
frequency conversion technique used for their wavelength extension has
provided a variety of high performance sources for extremely short light
pulses.

Here, we used the gemmercialioscilfator titanium sapphire laser as
the seed laser (Tsunami, “SpectracRhysics).=It is pumped Dby a
frequency-doubled diodé-pumpediNOrY I lagerat 532nm with the pump
power of 4.2W. The titaniuf’Sapphirelaser provides an output trace of
intense 55fs pules with the wavelength from 750nm to 850nm, we adjust
the center wavelength to about 800nm. The pulse repetition rate is
approximately 90MHz and the output power is 500mW.

Figure 3.1 is the setup of Kerr-lens mode-lock (KLM) titanium
sapphire ultrafast laser. The pump laser with the wavelength 532nm focus
on titanium sapphire rod by the lens (L;) and stimulated the fluorescence
with the wavelength of 800nm. The fluorescence has been collected by
two concave mirror (Ry,R,) with high reflection in 800nm and
anti-reflection in 532nm. Then, we input the prism pair in a arm with high

reflection mirror Rs in order to compensate the dispersion. Finally, we
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used the output coupler Ry to finish the setup of resonant cavity on the

other arm.

Ti : sapphire R;

Pump Laser

Ra
Output Coupler

Fig.3.1 The setup of Kerr-lens mode-lock (KLM) titanium
sapphire ultrafast laser.

32



3.1.2 THz time domain spectroscopy (transmittance)

|

BS

L1000

Lockin

Amplifier

Delay sta

Emitter

—1
Function

Generator

[ ]

Stage
Controller

:

Fig.3.2.1 Transmittance THz time domain spectroscopy
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Laser excitation

O '

5p m L’ \‘

Pulse width: 55 fs
Repetition rate: 90 MHz

®
®
® Wavelength: 800nm
® Pump/Probe power: 30mW/20mwW
®

Emitter/Detector: LT-GaAs

The schematic of the transmittance THz system is shown in Figure
3.2.1. A oscillator Ti:sapphire laser with center wavelength of 800nm at
repetition of 90MHz is used and the pulse duration is 55fs.

First, the femtosecond laser beam is divided by a beam splitter. One
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IS pump beam and the other is probe beam. The pump beam is focused on
the photoconductive antenna by objective lens. A 5volt AC bias with
frequency of 1KHz is applied to the emitter antenna to accelerate the
carriers excited by the pump pulse by a function generator. Then, the
terahertz ray radiated from photoconductive antenna and we used a
parabolic mirror to collect the THz beam. We focus the THz beam on the
sample and collect the transmittance beam by another parabolic mirror.
Finally, we also focus the transmittance THz beam on the detector which
contact with the lock-in Amplifier. Second, the probe beam path through
the delay stage is used to adjust the delay compare with the pump beam.
The probe beam finally go Jnio-the"antenna detector. By using the
controller to make the differént-delayofipumpibeam and probe beam, we
can record the signal aS/awfunctionrof-delay' by the lock-in amplifier.
Figure 3.2.3 show the THz\time domatn Wavefotm of air with one step of
delay in 10 micrometer arig’total of 512 stepS:"The corresponding power
spectrum is also as shown. In time domain waveform, we can see there
are still many noises after main signal and their corresponding power
spectrum show many absorption peaks. This is contributed to the water
vapor absorption [22]. Water is almost perfectly transparent to visible

light but great absorption in THz region which is shown in Figure 3.3.
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Fig.3.2.3 THz (a)time-domain waveform (b)corresponding
power spectrum in the air

In order to avoid water vapor absorption, the entire THz beam is
located in a closed acrylic box which is purged with nitrogen gas to

decrease the water vapor. At purged about 30minutes, the environmental
humidity decrease from about 6095 to under 5%. The Thz time-domain
waveform and their corresponding power spectrum under the humidity of
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about 5% are shown in Figure 3.4. From this figure, the time-domain

waveform become smoother than before and the peak value of signal is
larger. The absorption peaks in power spectrum also disappear and seem a

useful range from 0.2 to 3THz in the air with low humidity.

10000 cm™! 1000 cm”’ 100 cm™! 10 cm

1"5/!‘\ ITTTTTT ITITT T T T II\rTIII T I'I:rlnl\l\ I
\
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L
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E 0.4

10°

-4
10 \ 3000 4000 5000 8000 700D 8000

0% | |||H|H v | L
100 nm 1000 nm 0 pim 1mm

Wavelenglh
Fig.3.3 The visible and UV spectra of liquid water
(http://www1.Isbu.ac.uk/water/vibrat.html#comp)
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Fig.3.4 THz (a)time-domain waveform (b)corresponding
power spectrum in the air with humidity under 5%
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3.2 Fourier transform infrared spectroscopy

(The Fourier Transform Infrared Spectrometer : VERTEX 70v)

Infrared light emitted from a source is directed into an interferometer,
which modulates the light. After the interferometer the light passes
through the sample compartment (and also the sample) and is then
focused onto the detector. The signal measured by the detector is called

the interferogram.

Sample Position

Interferometer

General FT-IR spectrometer layout

Fig. 3.5 The setup of Fourier transform infrared spectrometer
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3.3 Sample preparation

3.3.1 ITO nanorod (from Prof. Yu Peichen)

ITO nanoculumn is grown under the following conditions:

1. Deposition angle=70°

2. Vacuum pressure=10 torr

3. ITO growth on high resistivity silicon substrate

4. Substrate temperature=240°C

5. With nitrogen flux

6. Using the commercial target-camposition 1595 wt% In,05; + 5 wt%

SnoO,

Figure 3.6 shows the ‘epitaxial® structure of a conventional,
single-junction GaAs/AlGaAs solar cell[23]. After the standard
fabrication process, the ITO-nanocolumn structure was deposited onto the
p-type AlygGag,As window layer using glancing-angle e-beam deposition,
followed by a post annealing process at 350°C for 25 minutes to improve
the transmittance. The fabricated device is schematically illustrated in
right of Figure 3.6 Glancing-angle deposition has been employed for
preparing microscale and nanoscale porous materials based on nucleation
formation and self shadowing effect. However, the characteristic ITO
nanocolumn structure seen in this work is rather unique, where the

formation involves  either  catalyst-free  or  self-catalyzed
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vapor-liquid-solid (VLS) growth assisted by the introduced nitrogen.
The substrate is tilted at a deposition angle of 70° with respect to the
incident vapor flux, where the chamber pressure is controlled at

1.33%107 Pa [2].

a) b)

n-GaAs B

Fig.3.6 (a) Epitaxial s »\ 0 asmg fton GaAs solar cell. (b)

Schematic of a GaAs soldr<etifabr cated'employing ITO
nanocolumns[2]

Figure 3.7.1 is the picture of chamber taken from camera and Figure 3.7.2

is schematic drawing of chamber :
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The substrate we used is high resistivity Silicon wafer. With the
higher resistivity, the absorption of substrate will become lower. Figure
3.8 show the position of ITO rod grown on Silicon wafer. In section 2.2,
we need the reference to determine the properties of sample. Here, the
corresponding reference is on the Neighbor side of the sample. It make
sure that the reference we used is approximatively same to the substrate
of ITO rod.

525pm
High resistivity
Silicon wafer

ITO rod grown on here

Fig.3.8 ITO rod grown on Silicon wafer

Figure 3.9 shown the optical beam transmit the sample and reference.
In calculation of section 2.2, the reference require approximatively same
to the substrate of sample. Because the Silicon wafer is very thick
compare with ITO nanorod, this phenomenon plays an important role in

our experiment.
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Fig. 3.9 THz experime ple and reference

3.3.2 SEM results

interact with the atoms cause the sample producing signals that contain

information about the surface of our sample.

SEM image of sample

Substrate: 525um high resistance Silicon substrate
Four different thickness of ITO rod

Condition on (kA) Height(nm)

2 1.8 722

4 0.6 323
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SEI 10.0kV X30,000 100nm WD 13.8mm

Fig.3.10 687nm ITO nanocolumns with cross-sectional view

SEI 10.0kV X20,000 Tum WD 12.9mm

Fig.3.11 687nm ITO nanocolumns with top view of SEM

Figure 3.10 is the cross-sectional view with x30000 enlargement and
determined the thickness of 687nm. Figure 3.11 is top view of ITO
nanorod with x20000 enlargement.
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SEI 10.0kV X20,000 Tum WD 13.7mm

Fig.3.12 722nm ITO nanocolumns with cross-sectional view

3

SEI 10.0kV X22,000 Tum WD 13.6mm

£

Fig.3.13 722nm ITO nanocolumns with top view of SEM

Figure 3.12 is the cross-sectional view with x20000 enlargement and
determined the thickness of 722nm. Figure 3.13 is top view of ITO
nanorod with x22000 enlargement.

46



SEI 10.0kV X33000 100nm WD 13.1mm

Fig.3.14 536nm ITO nanocolumns with cross-sectional view

SEI 10.0kV X20,000 Tum WD 12.7mm

Fig.3.15 536nm ITO nanocolumns with top view of SEM

Figure 3.14 is the cross-sectional view with x33000 enlargement and
determined the thickness of 536nm. Figure 3.15 is top view of ITO
nanorod with x20000 enlargement.
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SEI 10.0kV X33000 100nm WD 12.9mm

Fig.3.16 323nm ITO nanocolumns with cross-sectional view

SEI 10.0kV X20,000 Tum WD 12.8mm

Fig.3.17 323nm ITO nanocolumns with top view of SEM

Figure 3.16 is the cross-sectional view with x33000 enlargement and
determined the thickness of 323nm. Figure 3.17 is top view of ITO
nanorod with x20000 enlargement.
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Chapter 4: Results and discussion

4.1 Extraction of complex refractive index
4.1.1 THz field in time-domain

722nm ITO rod : THz time domain waveform

0.0016 —— Silicon substrate
000121 — 722nm ITO rod
0.0008 -

T 0.0004 1

THz-field

o.oooo-—w
-0.0004 -

0 5 10015—20" 25 30
delay time(ps)

Fig. 4.1 THz time domain waveform of 722nm ITO nanorod and
corresponding Silicon substrate

Figure 4.1 is THz time domain waveform of 722nm ITO nanorod
and corresponding high resistance Silicon substrate with 10um one step
of delay and total 512 steps. The lower one is the signal of ITO nanorod
and higher one is the reference of substrate. In this figure, the peak
positions are almost the same because that the ITO nanorod is too thin to
distinguish the signal peak position and reference peak position. On the
other hand, the reduction of peak value contribute to the absorption of
ITO nanorods.
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687nm ITO rod : THz time domain waveform

0.0016 _
—— Silicon substrate
0.0012- W — 687nm ITO rod
o< 0.0008
i
5
N 0.0004 - ”
T
|_
0.0000 +
-0.0004 - ;j

0 5 10 .ui5us20 25 30
delay time{ps)

Fig. 4.2 THz timedomainwaverorn.of 687nm: ITO nanorod and
corresponding Siff€on substraté

Figure 4.2 is THz time domain waveform of 722nm ITO nanorod
and corresponding high resistance Silicon substrate with 10um one step
of delay and total 512 steps. The lower one is the signal of ITO nanorod
and higher one is the reference of substrate. In this figure, the peak
positions are almost the same because that the ITO nanorod is too thin to
distinguish the signal peak position and reference peak position. Compare
with Figure 4.1, the absorption of the 687nm ITO nanorod is larger than
722nm ITO nanorod. This phenomenon will discuss later.
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536nm ITO rod : THz time domain waveform
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Fig. 4.3 THz time domiaig wavetorm of 536(m ITO nanorod and
corresponding Silicon substrate

Figure 4.3 is THz time domain waveform of 536nm ITO nanorod
and corresponding high resistance Silicon substrate with alsol0um one
step of delay and total 512 steps. The lower one is the signal of ITO
nanorod and higher one is the reference of substrate. In this figure, the
peak positions are almost the same because that the ITO nanorod is very
thin. On the other hand, the reduced of peak value contribute to the
absorption of ITO nanorod. Compare with the thicker sample, the

absorption of 536nm ITO nanorod is smaller.
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536nm ITO rod : THz time domain waveform
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Fig. 4.4 THz time domiaig wavetorm of 328(m ITO nanorod and
corresponding Silicon substrate

Figure 4.4 is THz time domain waveform of 536nm ITO nanorod
and corresponding high resistance Silicon substrate with alsol0um one
step of delay and total 512 steps. The lower one is the signal of ITO
nanorod and higher one is the reference of substrate. In this figure, the
peak signal of ITO nanorod and the reference is very close, because the
sample is thin enough so the absorption from the sample is not obvious to

See.
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4.1.2 THz spectrum in frequency domain

722nm ITO rod : In frequency domain
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Fig. 4.5 THz frequency d@main spectra of 722fm ITO nanorod and
corresponding Silicon substrate

Figure 4.5 is THz frequency domain spectra of 722nm ITO nanorod
and corresponding high resistance Silicon substrate. The lower one is the
signal of ITO nanorod and higher one is the reference of substrate. It
shown the reliable range from about 0.2 THz to 2 THz. Because our
experiment is measured with the nitrogen purge, the humidity is under 5

9% so the water absorption line almost disappeared. It let our analysis to

be more convinced. Form section 2.1.3, the experimental transmittance of

sample and reference can extract the complex refractive index.
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687nm ITO rod : In frequency domain
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Fig. 4.6 THz frequency_ domain spectra of £8/nhm ITO nanorod and
corresponding Silicon substrate

Figure 4.6 is THz frequency domain spectra of 687nm ITO nanorod
and corresponding high resistance Silicon substrate. The lower one is the
signal of ITO nanorod and higher one is the reference of substrate. It
shown the reliable range from about 0.2 THz to 2 THz. With the
frequency domain spectra of sample and reference, we can calculate the
experimental transmittance. Form section 2.1.3, the experimental
transmittance of sample and reference can extract the complex refractive

index.
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536nm ITO rod : In frequency domain
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Fig. 4.7 THz frequency_domain spectra of 536hm ITO nanorod and
corresponding Silicon substrate

Figure 4.7 is THz frequency domain spectra of 536nm ITO nanorod
and corresponding high resistance Silicon substrate. The lower one is the
signal of ITO nanorod and higher one is the reference of substrate. It
shown the reliable range from about 0.2 THz to 2 THz and low absorption
compare with Fig. 4.5 and Fig. 4.6. With the frequency domain spectra of
sample and reference, we can calculate the experimental transmittance.
Form section 2.1.3, the experimental transmittance of sample and

reference can extract the complex refractive index.
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323nm ITO rod : In frequency domain
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Fig. 4.7.1 THz frequentydomain spectra of823nm ITO nanorod
and corresponding SiliconiSupstrate

Figure 4.7.1 is THz frequency domain spectra of 323nm ITO
nanorod and corresponding high resistance Silicon substrate. The lower
one is the signal of ITO nanorod and higher one is the reference of
substrate. It shown the reliable range from about 0.2 THz to 1.5 THz and
the very small absorption compare with the reference. By improving the
S/N ratio, we still can get the reliable data. With the frequency domain
spectra of sample and reference, we can extract the complex refractive

index from section 2.1.3.
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4.1.3 Optical constants of substrate

Optical constants of high resistivity Silicon substrate:525um
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Fig.4.7.3 THz-TDS waveform of extension by the dash
line of Fig. 4.7.2

From the THz-TDS waveform, four substrate of Silicon wafer have

similar signal. The extension dash line show that the signals of four
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substrates are very close, because of all these substrates are cut from the
same wafer. In the below, we will calculate the transmittance of ITO rod

so we should make sure the reference we used is reliable.

air
— Silicon sub(722nm)
1E-4 Silicon sub(687nm)
o —— Silicon sub(536nm)
c::i 1E-5 —— Silicon sub(323nm)
\q)/
o
2 1E-6
g
< 1E-7
1E-8

0 1 2 3
trequency(FH7)

Fig.4.7.4 THz frequency domain spectra of four Silicon substrate

The time domain waveform transform to frequency domain by
Fourier transform. By the signal of Silicon substrate and reference of air,
we calculate the complex refractive index from section 2.1.3. Thus, we

got the results as following:
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Real part of refractive index by Silicon substrate
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From the real part of refractive index of Fig.4.7.5, four type of
Silicon substrate have similar value of refractive index. It shown that in
the frequency range from 0.2THz to 2.5THz, the value of n are very close.
We determined the value to be a constant of 3.42 as the reference. In the
below, we use this constant to calculate the theoretical transmittance of

ITO nanorods.

59



Image part of refractive index by Silicon substrate
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Fig.4.7.6 The image pdrt of refractive/fidex with four type
of Silicon substraté

From the image part of refractive index of Fig.4.7.6, the value of
extinction coefficient close to zero because of low absorption of High
resistivity Silicon. As the resistivity become larger, the conductivity will
become smaller and indicate low absorption of terahertz .\We assume the
extinction coefficient to be zero in the below analyze of theoretical

transmittance calculation.
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4.1.4 Complex refractive index of ITO nanorods

722nm ITO rod : complex refractive index

40
35. —o—k
Ch
301 722nm ITO-rod
25+

complex refrative index

We obtained 722nm ITO rod real and image part of refractive in the
range from 0.2 THz to 1.6 THz. Noises cause the vibration of our data.

The value of image part is larger than real part of refractive index.

61



687nm ITO rod : complex refractive index
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Fig. 4.8.1 The Complexrefractiveindex 0£687nm ITO rod

We have shown 687nm ITO rod real and image part of refractive in
the range from 0.2 THz to 1.6 THz. But the vibration in the range from
1THz to 1.6 THz seems too large so that we guess the reliable range is
from 0.2 THz to 1 THz. In the below, we will discuss how to determine to

reliable range of our data. The value of image part is larger than real part

of refractive index.
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536nm ITO rod : complex refractive index
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Fig. 4.9 The cofmplex refractiveiindex/of 536nm ITO rod

We have shown 536nm ITO rod real and image part of refractive in
the range from 0.2 THz to 1.6 THz. But the vibration in the range from
1THz to 1.6 THz seems too large so that we guess the reliable range is
from 0.2 THz to 1 THz. In the below, we will discuss how to determine to
reliable range of our data. The value of image part is larger than real part

of refractive index.
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323nm ITO rod : complex refractive index
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Fig. 4.10 The complex¥efractive indexf 323nm ITO rod

We have shown 323nm ITO rod real and image part of refractive in
the range from 0.2 THz to 1.6 THz. But the vibration in the range from
1.1THz to 1.6 THz seems too large so that we guess the reliable range is
from 0.2 THz to 1 THz. The value of image part is larger than real part of
refractive index. After all, we can determine the complex conductivity by

the complex refractive index from section 2.1.4.

64



Complex refractive index of four thickness ITO rod
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Fig. 4.11 The complex refractive index respectively for 722nm, 687nm
536nm and 323nm ITO nanorods.

The value of image part of refractive index is larger than the real part
in reliable region. Compare the n, k value of these figures, we found that
687nm ITO rod is larger than the other. Come back to the preparation of
ITO rod, we notice that the grown condition is 2.4 kA of 687nm ITO rod
and larger than 1.8 kA of 722nm ITO rod and respectively 1.6 kA of
536nm ITO rod 0.6 kA of 323nm ITO rod. We find that when the grown
condition become larger, the delay and absorption of n and k will larger.
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4.2 Extraction of the electrical properties

4.2.1 Complex conductivity and fitting result

From the equation 2.22, we can calculate the complex conductivity
by experimental complex refractive index. Then, in the section 2.1.4, with
fitting the complex conductivity we can determine the fitting parameter
such as plasma frequency, scattering time and Drude-Smith constant c.

Because our data is in the range from 0.2 THz to 2 THz, how to
determine the fitting range really important. Now we introduce a

parameter to make our fitting to be more reliable:

Fig 4.12 The parameter r* for fitting
22,12, A2, A2, A2
r'=a"+b"+c+d"+e

r’ is the sum of the squares. If r* is small enough we know the fitting
result very well. On the other hand, large value of r* mean the fitting
results are not well fit the data. In the below, we used the value to
determine the reliable fitting range. This method called Least Squares
Method.

66



722nm ITO rod: complex conductivity and fitting result
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Fig.4.13 Experimental camglex.conductivity/and the fitting
curve of 722nm 1TO#0d
sample Plasma frequency  Scattering time Drude-Smith
, (rad-THz) 7(fs) constant C
722nm ITO rod 167.3 37.6 -0.15

Table 4.1.1 Fitting parameters of 722nm ITO rod

Figure 4.13 is experimental complex conductivity and the fitting

curve of 722nm ITO rod. The circle is experimental data while the higher

one is real part of conductivity and the lower one is image part of

conductivity. These two lines are the fitting result from 0.3THz to

1.9THz.
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687nm ITO rod: complex conductivity and fitting result
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Fig.4.14 Experimental camglex.conductivity/and the fitting
curve of 687nm 1TO#0d
sample Plasma frequency  Scattering time Drude-Smith
0p(rad-THz) 7(fs) constant C
687nm ITO rod 395.6 34.3 -0.416

Table 4.1.2 Fitting parameters of 687nm ITO rod

Figure 4.14 is experimental complex conductivity and the fitting
curve of 687nm ITO rod. The circle is experimental data while the higher
one is real part of conductivity and the lower one is image part of
conductivity. These two lines are the fitting result from 0.3THz to 1 THz.
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536nm ITO rod: complex conductivity and fitting result
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Fig.4.15 Experimental camglex.conductivity/and the fitting
curve of 536nm 1TO#0d
sample Plasma frequency  Scattering time Drude-Smith
0p(rad-THz) 7(fs) constant C
536nm ITO rod 126.4 57.5 -0.297

Table 4.1.3 Fitting parameters of 536nm ITO rod

Figure 4.15 is experimental complex conductivity and the fitting

curve of 536nm ITO rod. The circle is experimental data while the higher

one is real part of conductivity and the lower one is image part of

conductivity. These two lines are the fitting result from 0.3THz to 1.3

THz.
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323nm ITO rod: complex conductivity and fitting result

400 70000
300 -
e iy [T /
FO 200 | 10002 § Frr.JJ]J; ........... P
. 10000 CELETT Skl '-' . .
- -85 -80 -75 -70 -
g 1 OO | data cut
:é.’ 8 @) o o O 00 O O
> 00¢ 250° % 0°8
-5' 0= 0 O G=e- e - o o
-]
=
O _1 OO "
o L] L] L]
0.0 0.5 1.0 1.5 2.0
freguency(h-Hz)
Fig.4.16 Experimental camglex.conductivity/and the fitting
curve of 323nm ITO#0d
sample Plasma frequency  Scattering time Drude-Smith
0p(rad-THz) 7(fs) constant C
323nm ITO rod 74.6 68.8 -0.051

Table 4.1.4 Fitting parameters of 323nm ITO

Figure 4.16 is experimental complex conductivity and the fitting
curve of 323nm ITO rod. The circle is experimental data while the higher
one is real part of conductivity and the lower one is image part of
conductivity. These two lines are the fitting result from 0.3THz to 1.1
THz.
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Complex conductivity and fitting result of ITO rod
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Fig.4.17 The comple nGyresult respectively
for 687nm 722nm 536n
sample Plasma frequency  Scattering time Drude-Smith
op(rad-THz) 7(fs) constant C
687nm ITO rod 395.6 34.3 -0.416
722nm ITO rod 167.3 37.6 -0.15
536nm ITO rod 126.4 57.5 -0.297
323nm ITO rod 74.6 68.8 -0.051

Table 4.1.5 Fitting parameters respectively for 687nm, 722nm, 536nm
and 323nm ITO nanorods.
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4.2.2 Mobility and carrier concentration

Now we determined the fitting parameters such as plasma frequency,
scattering time and Drude-Smith constant c. From section 2.1.4, we can
extract the free charge carrier concentration by equation (2-24) and DC
mobility. The value of ITO nanorods carrier concentration and mobility

can be expressed as:

ITOrod wy(rad-THz)  7(fs) c n n (cm®)
(cm?/Vs) x10%°
687nm 395.6 343 __ -0416 1174 15
2.4kA y/\%
7 mmmd -
722nm 167.3 376 015 187.1 0.26
1.8kKA
536nm 126.4 97 203.2 0.15
1.2kA
323nm 74.6 689 1TIL0.051 3827 0.05
0.6kA

Table 4.2 Electrical parameters of ITO nonorods for four thicknesses
ITO nanorods

In table 4.2, four thicknesses of ITO nanorods have the mobility in the
range from 100 (cm?®/Vs) to 400 (cm?®/Vs). As the grown condition of ITO
nanorods become larger, the corresponding mobility smaller. The ITO
nanorods under grown condition of 2.4kA have smallest mobility and the
ITO nanorods under grown condition of 0.6kA have largest mobility. The
obvious phenomenon of electron back scattering contribute the large

value of ¢ and decrease the mobility. The defect of the sample also causes
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the obvious phenomenon of electron back scattering. 687nm ITO rod
under largest grown condition of 2.4 kA but thinner than 722nm ITO rod
which under the grown condition of 1.8 kA . It seems that the saturated
height in grown condition of section 3.3.1 is about 700nm, the inaccuracy
between 687nm and 722nm is cause from limit of SEM. The thinnest
sample of 323nm ITO rod has the largest value of mobility and smallest
value of free charge carrier concentration. We though it is because the
thin ITO rod has lower whisker structures and easily transport in

longitudinal direction for electron.
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4.3 Extraction of electrical properties by FTIR

4.3.1 Reflectivity spectrum in frequency domain
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Fig. 4.18 Reflectivity speci O nanorods in frequency

domain.

Figure 4.18 show the reflectivity of four thickness of ITO nanorods
determined by FTIR in MIR and NIR region. The region of NIR is about
12800~5800(cm™) and MIR is about 8000~350(cm™). We can transform
the wavenumber to THz then fit the reflectivity curve in order to

determine the electrical properties of ITO nanorods.
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Fitting results and discussions: 722nm ITO
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Fig. 4.19 The fitting'result of 722And ITO nanorod with thickness of
722nm.
sample Thickness(nm)  Plasma frequency  Scattering time
op(rad-THz) 7(fs)
722nm ITO rod 722 1650 0.79

From figure 4.19, the fitting results (line) is not well fit the
experimental reflectance (scatter) in the thickness of 722nm.It is because
in the whisker like structures, 722nm is not the effective height so we will

give the thinner thickness to fit the experimental reflectance in the below.
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Fig. 4.20 Fitting results,0f 722am I TO Nanoradwith thickness of
522nm
sample Thickness(ntn)s==Plasma frequency  Scattering time
op(rad-THz) t(fs)
722nm 1TO rod 522 1870 0.26

From figure 4.20, the fitting results (line) is also not well fit the
experimental reflectance (scatter) in the thickness of 522nm. We will give

the thinner thickness to fit the experimental reflectance in the below.
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0.8+ — fitting result
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Fig. 4.21 Fitting results/,0f 722am I TO Nanoradwith thickness of

322nm
sample Thickness(ratim) Plasma frequency  Scattering time
op(rad-THz) t(fs)
722nm ITO rod 322 2281 0.25

From figure 4.21, the fitting results (line) is not well fit the experimental
reflectance (scatter) in the thickness of 322nm but better than figure 4.19
and figure 4.20. We will give the thinner thickness to fit the experimental

reflectance in the below.
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Fig. 4.22 Fitting results,0f 722am I TO Nanoradwith thickness of

200nm
sample Thickness(ntm)s==Plasma frequency  Scattering time
op(rad-THz) 7(fs)
722nm ITO rod 200 498 12.3

From figure 4.22, the fitting results (line) is well fit the experimental
reflectance (scatter) in the thickness of 200nm and better than figure 4.19,
figure 4.20 and figure 4.21.
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Reflectance
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Fig. 4.23 Fitting result 2
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Fig. 4.24 Least Squares parameter with different thicknesses.
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Figure 4.24 shown the least squares parameter with thickness of
100nm, 150nm, 200nm, 250nm, 300nm, 350nm, 400nm, 500nm, 600nm,
700nm, 800nm, 900nm, and 1000nm. If r* is small enough, we know the
fitting fit very well. On the other hand, large value of r*> mean the fitting
results are not well fit the data. From figure 4.24, fitting parameter of
200nm has the smallest value of r?. It also shown the best fitting in figure
4.23. Otherwise, the thickness of ITO nanorod is determined by SEM of
722nm. We assume 200nm is the effective height of this 722nm ITO

nanorod.

Although, the fitting parameters in figure 4.22 from FTIR are not
well agreement with the results of THz-TDS from table 4.1.1. Without
enough evidences, we canngbgive a conclusion which is right or wrong.
Because of the whisker structure=off IO nanorods, determine the effective

thickness of ITO nanorods is really impartant:

Furthermore, the experiment of FTIR.4S4he region from 20THz to
350THz which content NIR and MIR and the experiment of THz-TDS is
the region from 0.2THz to 2THz. This different region of spectrum may
cause the different results of our fitting between FTIR and THz-TDS.
Consequently, we should measure the FIR region (0.15THz to 12THz) of
FTIR which content the region of THz-TDS and it could made the fitting

results between FTIR and THz-TDS more comparable.

80



Chapter 5: Conclusions

5.1 Conclusions

We have investigated the optical and electrical properties of Indium
Tin Oxide (ITO) nanocolumns by using terahertz time domain
spectroscopy (THz-TDS). In this work, we obtained that the plasma
frequency of ITO nanocolumns is around 74~396 rad-THz, and the
scattering time is around 34~68 fs/rad. Moreover, the electron original
velocity fraction coefficient is larger than -0.4. The electrical properties of
ITO nanocolumns derived fromyndn=eohtact optical techniques have been
determined. The mobility/ is #00:400¢em?/Vs and the carrier
concentration is 0.05x 1057~1.5%0"> em:*\*Comiparing with conventional
Hall or four probe measdrement; 144z TDS IS /@=non-contact method and
the electrical properties of-nanosiructuie-material can be derived from the

experimental conductivity by itting withztesDrude-Smith model.

5.2 Continuous work

Although we determined the optical and electrical properties of ITO
nanocolumns by terahertz time domain spectroscopy (THz-TDS), we still
need another experiment measurement to check our result such as Fourier
Transform Infrared Spectroscopy (FTIR). With the different type of
measurement, the results of THz-TDS and FTIR should be closed.
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