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“I am part of a light, and it is the music. The Light fills my six senses: I see it, hear,
feel, smell, touch and think. Thinking of it means my sixth sense. Particles of Light are
written note. A bolt of lightning can be an entire sonata. A thousand balls of lightening
is a concert.. For this concert I have created a Ball Lightning, which can be heard on the
icy peaks of the Himalayas”.
NIKOLA TESLA (1856–1943).
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Chapter 1

Introduction
1.1

What is Teraherz Radiation?

We define the Terahertz (THz) radiation as the radiation regime that lies between the
microwave and infrared frequencies of the electromagnetic spectrum, covering a frequency
range from 0.1 to 10 THz. It is also known as submillimeter radiation, terahertz waves,
tremendously high frequency (THF), T-rays, T-waves, T-light, T-flux or just THz.
Radiation at 1 THz has a period of 1ps, wavelength λ =

c
v

= 300µm, where c is the speed

of light in vacuum and ν its frequency, wavenumber k̄ = k/2π = 1/λ = 33cm−1 , photon
energy hν = h̄ω = 4.1meV , where h is Plank’s constant. This equivalence relation, and
location of the Terahertz band on the electromagnetic spectrum is indicated in the next
Figure.

Figure 1.1: Frequency and wavelength regions of the electromagnetic spectrum.

1
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Like microwave radiation, terahertz radiation can penetrate a wide variety of nonconducting materials. Terahertz radiation can pass through clothing, paper, cardboard,
wood, masonry, plastic and ceramics. The penetration depth is typically less than that of
microwave radiation. Terahertz radiation has limited penetration through fog and clouds
and cannot penetrate liquid water or metal. THz is not ionizing yet can penetrate some
distance through body tissue, so it is of interest as a replacement for medical X-rays.
Due to its longer wavelength, images made using THz have lower resolution than X-rays
and need to be enhanced (Figure 1.2)

Figure 1.2: Features revealed by THz image. THz image, after being processed, gives
the same features as X-ray does.

The earth’s atmosphere is a strong absorber of terahertz radiation, so the range of terahertz radiation in air is limited to tens of meters, making it unsuitable for long-distance
communications. However, at distances of ∼ 10 meters the band may still allow many
useful applications in imaging and construction of high bandwidth wireless networking
systems, especially indoor systems.
There is also a great interest in using THz spectroscopy to provide information on the
basic structure of molecules, so that it can be used in radio astronomy. Rotational
frequencies of light molecules fall in this spectral region, as do vibrational modes of
large molecules with many functional groupings, including many biological molecules
that have broad resonances at THz frequencies. Also, the THz region is ideal for probing
semiconductors, as we will see in this current work, because the frequency range closely
matches typical free charge carrier scattering rates of 1012 to 1014 s−1 , allowing for more
accurate modelling of the photoconductivity data.

1.2

Historical background of Terahertz Radiation

Although great scientific interest in the THz frequency range has existed only since the
1920s, this frequency range has been investigated for more than 120 years now. However,
the THz frequency range remains one of the least tapped regions of the electromagnetic
spectrum. This is most probably due to the difficulty in generating and detecting the THz
radiation, and hence the spectroscopy kits used are expensive. Terahertz did not come
into popular use until the mid 1970s, where it was employed by spectroscopists to describe
emission or absorption frequencies that fell below the far infrared (IR). Early work began
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in the late 1970s and early 1980s with the study of the response of photoconductors (PC)
to laser pulses. The first archetypes of photoconductive antennas (as THz emitters and
detectors) were used in the late 1980s. Since then, these devices have remained widely
used in the generation and detection of the THz radiation.
The earliest work on the application of THz radiation was in spectroscopy. Most of the
current work focuses more on imaging in biomaterial identification, detection of cancerous cells, oral health care, dermatology, DNA molecular structure among others. Since
imaging provides more information about the shape and structure, and spectroscopy
provides more information about the chemical composition, the successful application of
THz seems to be a combination of the two. Most of the imaging is done on materials
with low water content since liquid water and all wet materials, including most biological tissues, have a very strong absorption coeffitient in the THz range, about 106 times
higher than in the visible range.
Terahertz systems are mainly pulsed systems with photoconductive switches as the emitters and detectors of the radiation. Low-temperature gallium arsenide (LT-GaAs) has
been the most widely used material in pulsed systems for the photoconductive emitter
and detector because of its unique properties, such as the ultrashort carrier lifetime, large
resistivity, and relatively good carrier mobility.
Some of the most important stations in the history of THz spectroscopy evolution are
mentioned below:
1960: The first image generated using THz radiation.
1995: THz image was generated using Terahertz time-domain spectroscopy. A great deal
of interest was developed and sparked a rapid growth in the field of terahertz technology.
2002: The European Space Agency (ESA) star Tiger Team at Rutherford Appleton
laboratory produced first passive THz image of a hand.
2004: World’s first compact THz camera for security screening demonstrated by ThruVision Ltd. This system successfully imaged guns and explosive under clothing.
2008: Engineers at Harvard University demonstrated that room temperature emission
of several hundred nano-watts of coherent terahertz radiation could be achieved with a
semiconductor source. THz radiation was generated by nonlinear mixing of two modes
in a mid-infrared quantum cascade laser. Until then, sources had required cryogenic
cooling, greatly limiting their use in everyday applications.
2011: Japanese electronic parts maker Rohm and a research team at Osaka University
produced a chip capable of transmitting 1.5 Gbit/s using terahertz radiation.
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Applications of THz Radiation

The applications of THz radiation exploit the response of materials to fundamental physical processes such as rotational transitions in molecules, large-amplitude vibrational
motions of organic compounds and lattice vibrations in solids. Different materials of
condensed matter exhibit different properties in the THz range. In the following Table
a summary of the most important properties of some materials is given:
Material type

Optical Property

liquid water

high absorption (α = 250 cm-1 at 1 THz)

metal

high reflective (>99.5% at 1 THz)

plastic

low absorption (α < 0.5 cm-1), low refractive index (n ∼ 1.5)

semiconductor

low absorption (α < 1 cm-1), high refractive index (n ∼ 3.4)

Some of the most important application fields of THz Radiation are mentioned in the
following sections:

1.3.1

Security

THz spectroscopy has found wide application in the industry, most noticeably in airport
terminals to curb drug trafficking and terrorism. Explosives and narcotics have distinct
absorption signatures in the THz region. This allows identification and distinguishing
of chemicals, illicit drugs and explosives from licit and benign compounds. Metallic
substances are highly reflective at THz frequencies because of their high electrical conductivity. This property is vital in detecting and tracing the exact shapes of hidden
guns, ammunitions, and sharp instruments such as knives. THz can pass through paper,
ceramics, wood and clothing and it is completely harmless to humans. Materials hidden
under clothes can be identified using THz multispectral imaging and those in envelopes
can be identified by component spatial-pattern analysis without opening the envelopes.
In that way X-ray examination can be completely replaced by THz imaging.

1.3.2

Biomedicine

The various examples of THz applications in the biomedical field include dermatology in
the characterization of the hydration-level of the stratum corneum, dentistry to detect
dental cavities, oncology (skin cancer) by distinguishing base cell carcinomas from other
normal cells. In pharmaceutical industries, THz imaging is used to check the integrity
of tablet coatings and the performance of tablet cores. THz rays have also been used
to study the binding state of DNA molecules and distinguishing the hybridized and
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denatured DNA with considerable progress towards the development of label-free DNA
chips.

1.3.3

Astronomy and Atmospheric Research

THz is a very important radio astronomy band to ultra-high spatial resolution of the
universe. Therefore, THz technology can be used to carry studies about interstellar
formations and space research. A large number of atmospheric molecules, such as water,
carbon monoxide, nitrogen, oxygen are detected in the THz band, which can be use to
atmospheric environmental protection and the monitoring of the ozone layer.

1.3.4

Communications

THz band has high frequency, wide bandwidth and more channels than the microwave,
which is suitable for local area networks and broadband mobile communications. With
THz communications,10 Gbps wireless transmission speeds can be obtained, which is a
few hundred or even thousands of times faster than current Ultra-Wideband technology.
This is the future hope for large-capacity multimedia wireless communications. Some
experts predict that in the near future THz wireless network will replace the wireless
LAN or Bluetooth technology and it will become the major short range wireless communications technology.

Chapter 2

THz Radiation and Conductivity
2.1

Non linear optical phenomena and THz generation principles

The generation of freely propagating THz pulses is based on non linear optical techniques.
In order to understand the physical phenomena causing the emission and propagation of
THz waves, it is important to examine roughly some principles from non-linear optics.
The propagation of an electromagnetic field in a medium is described by the Maxwell
equations, given by the following relations:

~ ·E
~ =0
∇

(2.1.1)

~
~ ×E
~ = − ∂B
∇
∂t

(2.1.2)

~ ·B
~ =0
∇

(2.1.3)

~
~ ×B
~ = µ 0 ε0 ∂ E
∇
∂t

(2.1.4)

~ and B
~ domains.
Maxwell equations consist a set of coupled differential equations for E
These result in the electromagnetic wave propagation equations described by the following relations:

~ − µ 0 ε0
∇2 E

~
∂2E
1 ∂ 2 P~
=
−
∂t2
ε0 c2 ∂t2

(2.1.5)

~ − µ0 ε 0
∇2 B

~
∂2B
1 ∂ 2 P~
=
−
∂t2
ε0 c2 ∂t2

(2.1.6)

where P is the polarization and is written as:
6
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(2.1.7)

where PL is the linear term and PN L the non linear term of the polarization. Now, if
the light intensity is weak then the polarization is linearly dependent from the electrical
field and given as:

~
P~ = χE

(2.1.8)

where χ the coefficient of linear susceptibility.
In case that the electromagnetic field of light becomes strong, nonlinear terms of the polarization Taylor sequence become important and non-linear optical phenomena are more
likely to get produced and observed. The polynomial sequence of the macroscopic polarization in a medium when passed through by an electromagnetic field has the following
form:

P = ε0 [χ(1) E + χ(2) E 2 + χ(3) E 3 + ...]

(2.1.9)

where ε0 is the vacuum permeability and χ(i) the i order susceptibility and E the electromagnetic field. The first term causes linear optical phenomena, such as reflection
and absorption of radiation, while higher order terms cause non-linear phenomena. For
example, the second-order term causes the production of a second harmonic and the
addition or removal of frequencies. In order to observe non-linear second order phenomena, the non-linear crystal needs to be non-centrosymmetric, so that the second order
susceptibility factor is not zero. The first term that causes changes in centrosymmetric
materials is the third order term describing the absorption of two photons and also Kerr
effect.
More specifically, the second order non-linear optical effects caused by the second term of
polarization are the Second Harmonic Generation (SHG), the Sum-Frequency Generation
(SFG), the Difference-Frequency Generation (DFG) and the Optical Rectification (OR).
As shown in the previous relation, second order polarization is defined as:

P (2) = χ(2) E 2 = χ(2) E ∗ E

(2.1.10)

When two different frequencies ω1 and ω2 are transmitted in the non-linear crystal, the
electric field is defined as follows:

E = E1 eiω1 t + E2 eiω2 t

(2.1.11)
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Thus it appears that second-order polarization contains the following terms:
P (2) = χ(2) [E12 exp(−2iω1 t) + E22 exp(−2iω2 t)
+ 2E1 E2 exp(−i(ω1 + ω2 )t) + 2E1 E2∗ exp(−i(ω1 − ω2 )t)] + c.c.

(2.1.12)

It appears that polarization also contains terms with different frequencies than those
of the original electric fields, which means that new frequencies are produced. The first
and second terms of the above relation cause the Second Harmonic Generation, while the
third and fourth terms cause the Sum and the Difference of two frequencies, respectively.

2.1.1

Second Harmonic Generation (SHG)

A pair of photons in a nonlinear crystal, with the same frequency ω, can give another
photon of doubled than the initial frequency, as shown in the following figure. Therefore,
the energy of the outgoing photon is double than of the incoming, because in nonlinear
optical phenomena the principle of conservation of energy and momentum should apply.

Figure 2.1: Second-Harmonic Generation (SHG). Two photons of the same frequency
enter the crystal giving a double frequency photon.

Generally, in non-linear optical phenomena, energy conservation law and phase matching should both apply. The second condition is equivalent to momentum conservation.
Therefore, the change in wavelength vector must be zero. Furthermore, in the general
case of two electric fields incidental to a Non-linear Crystal with different frequencies,
apply the relations:

∆k = k3 − k2 − k1 = 0

(2.1.13)

n3
n2 n1
=
+
λ3
λ2
λ1

(2.1.14)
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Sum (SFG) and Difference (DFG) of two frequencies

Given that two photons of different frequency, ω1 and ω2 penetrate a crystal as shown in
the Figure below. Then their frequencies can be added or subtracted accordingly, so that
the above conditions apply, namely the energy and momentum conservation principle.
Though, in most cases in a non-linear crystal, the two phenomena can’t be simultaneously
observed, because phase matching condition is not met.

Figure 2.2: Sum and Difference of two frequencies. Two frequency-different photons
enter the non-linear crystal, and at the output their frequencies are added or subtracted
if this is from energy conservation and phase matching allowed.

2.1.3

Optical Rectification (OR)

Optical Rectification is a phenomenon different from the others. In order to be observed,
a strong beam of frequency ω1 is needed. At the same time a second weaker beam of
frequency ω2 penetrates the crystal, as shown below. Then, the stronger beam can boost
the weak one. As a result, there is a new beam of a frequency equal to the difference
frequency of the two initial beams.

2.1.4

Linear Electrooptic Effect (Pockels’ effect)

In 1893, the German physicist Friedrich Pockels discovered the linear electrooptic effect.
The Pockels effect is the linear electrooptic effect, where the refractive index of a medium
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Figure 2.3: Optical Rectification. The strong beam strengthens the weak one, resulting a new beam with a frequency in the output equal to the frequency difference
between the two initial beams.

is modified in proportion to the applied electric field strength. It can occur only in noncentrosymmetric materials. The Pockels‘ effect is the basis of the operation of Pockels
cells. Pockels cells may be used to rotate the polarization of a beam that passes through.

Figure 2.4: Pockels’ cell modulating the polarization of light. In this case, the Pockels
cell is acting as a quarter wave plate, where linearly polarized light is converted to
circularly polarized light.

Both Optical Rectification (OR) and the linear electrooptic effect (Pockels’ effect) are
nonlinear optical techniques for the generation and detection of freely propagating subpicosecond THz-frequency radiation pulses.
Efficient generation and detection of THz radiation by optical rectification and the Pockels’ effect require single crystals with high second-order non-linearity or large electrooptic
coefficients, proper crystal thickness and proper crystal orientation with respect to the
linear polarization of the THz radiation. The surfaces of the crystals should be optically
flat at the laser excitation wavelengths and of high crystalline quality (e.g., low levels
of impurities, structural defects, and intrinsic stress). The bandwidth of an electrooptic
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crystal for THz generation and detection is determined by the coherence lengths and
optical phonon resonances in the material.
To understand the relationship between optical rectification and the Pockels’ effect, it is
necessary to describe polarization P and electric field E by vectors and the susceptibility
χ by a third rank tensor, which deviates from the purpose of this work.

2.2

Carrier Dynamics in Semiconductors

Based on their resistance as function of temperature, materials can roughly be divided in
three groups: metals (or also called conductors), semiconductors and insulators. Metals
have a very large number of free electrons and therefore a high conductance, whereas
insulators have few or no free electrons and zero conductance. The resistance of semiconductors and insulators decreases with temperature, while on the contrary that of metals
increases.
Semiconductors have conductance properties between metals and insulators. For insulators and semiconductors, there is a supplementary energy necessary, which is at least
equal to the so-called material-specific bandgap, in order to create charged carriers and
enable conductivity. For insulators the bandgap is much larger than that of a semiconductor (depending on the nomenclature, usually when it is larger than 5eV). The
highest electron occupied valence band and the electron unoccupied conduction band (at
0 Kelvin) are separated from each other by the bandgap energy (Eg ).
Upon optical excitation, an electron is excited to the conduction band, leaving a vacancy
in the valence band behind, which is called a hole. A photon is only absorbed when its
energy exceeds the bandgap energy of the ideal intrinsic semiconductor with no defects
or impurities. After absorption of an above-bandgap photon, an electron-hole pair (free
electron and hole) will be created with an excess energy equal to

Eexcess = E0 − Eg

(2.2.1)

where E0 and Eg are the excitation and the material-specific bandgap energy, respectively. Since cooling to lower excited states is generally several orders of magnitude
faster than recombination across the bandgap, the excess energy will quickly be lost and
eventually converted into heat by the emission of phonons.
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Figure 2.5: Electron–Hole pair creation and energy relaxation via optical phonon
emission

After optical excitation, the excited electron can recombine radiatively with a valence
band hole by emitting a photon of an energy, which is (generally) equal to the materialspecific bandgap (with state-flling and alike transient non-equilibrium effects being neglected). The process is called photoluminescence (PL). Besides, non-radiative recombination can occur, whereby the energy is released through the emission of phonons
(through, e.g., carrier trapping at defects).

2.3

Principles of THz Time Domain Spectroscopy (TDS)

Terahertz Time-Domain Spectroscopy (THz-TDS) is one of the most powerful techniques
to characterise the far infrared response of materials and devices. Based on the use of
short electromagnetic waveforms generated by rectifying femtosecond optical pulses delivered by a mode-locked laser, it allows, within one single experiment, the determination
of the optical constants of materials over a wide frequency spectrum ranging from 100
GHz up to several THz. Thanks to its large dynamics and its ability to give both amplitude and phase of the transmitted, reflected or scattered THz fields, this technique
addresses a large panel of scientific studies.
We now move on to study an application method of THs spectroscopy used to determine
the electrical conductivity of a sample as a function of frequency ω over a range of
0.1 to 3Hz. The conductivity spectrum σ(ω) provides more than just the magnitude
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of the conductivity. Its spectral shape can reveal the mechanisms of charge transport
in the material. The sample in this technique is probed with a short pulse E(t) of
electromagnetic radiation in the THz frequency range. The full electric field E(t) is
detected as a function of time, t, and hence the technique is termed "Time Domain
Spectroscopy (TDS)".
In this method, two different measurements are required. Initially, a reference measurement of the THz electric field Eref (t) is taken. While passing through the sample, the
THz pulse undergoes absorption and a delay, due to its interaction with the sample
and the underlying substrate. To calibrate the system response of the spectrometer, a
second pulse Esam (t) is also measured, where the modified THz electric field transmitted through the sample is obtained. The sample and reference spectra, Esam (ω) and
Eref (ω), are obtained by performing Fourier transforms on the waveforms Esam (t) and
Eref (t), respectively. The ratio Esam (ω)/Eref (ω) corrects for the system response of the
spectrometer, and yields the THz transmission function:

T (ω) =

Esam (ω)
Eref (ω)

(2.3.1)

The THz transmission function T (ω) is directly related to the sample conductivity σ(ω)
as will be described in the next section.

Figure 2.6: Schematic illustration of the concept of time-resolved THz spectroscopy.

However, when considering thin samples, like nanowires or thin films, a different process
has to be followed. This is attributed to the fact that the THz signals from multiple reflections of the beam that originates from the sample surfaces are temporally overlapped.
In this case the reference measurement Eref (ω) is the THz electric field that propagated
through the air/substrate. The refractive index of the substrate n2 and its thickness d2
are known. Then, the THz electric field through air/sample/substrate Esam (ω) is measured. In this process an assumption is used, that the sample forms a thin film on the
substrate with thickness d2 . Furthermore, it is taken into account that the THz pulse
incidents onto the sample at a normal incidence.
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Figure 2.7: Schematic diagram of the method used for the THz transmission signal
through (a) a thick substrate (reference measurement) and (b) the thin sample deposited
on a thick substrate (sample measurement).

2.4

Calculation of Intrinsic Complex Conductivity

We will now discuss how THz spectroscopy can be used to measure the response of a
sample in an applied electrical area, E(ω). The electric field is provided by electromagnetic radiation in the THz frequency range. The electrical response is quantified in terms
of the sample conductivity σ(ω), which determines the current density J(ω), that results
from an applied electric field:

J(ω) = σ(ω) + E(ω)

(2.4.1)

The conductivity σ(ω) of the sample is generally frequency-dependent and complex,
consisting of real and imaginary parts:

σ(ω) = σN W (ω) + iσIm (ω)

(2.4.2)

The complex nature of the conductivity is easily explained by analogy with basic circuit theory: the real part is associated with the electrical resistance of the nanowires
whereas the imaginary part is related to the reactance (capacitance or inductance) of
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the nanowires. At relatively low frequencies and other contact-based measurements,
the imaginary response is often negligible. At THz frequencies, however, the imaginary
component becomes significant and meaningful.
The sample dielectric function (or permittivity) is also complex and is given by:

nw (ω) = 1 (ω) + i2 (ω)

(2.4.3)

The dielectric function is related to the conductivity by

nw (ω) = L,nw (ω) + i

σ(ω)
ω0

(2.4.4)

where 0 = −8.854 × 10−12 F m−1 is the dielectric permittivity of free space and nw (ω) is
the lattice component of the dielectric function. The lattice component is also frequency
dependent. In semiconductors with a single transverse-optical (TO) phonon mode, L (ω)
is given by:

L,nw (ω) = ∞ + (st − ∞ )

ωT2 O
2T O − ω 2 − iωγT O

(2.4.5)

where ∞ is the high frequency (optical) dielectric constant of the material, st is the low
frequency (static) dielectric constant of the material, ωT O is the TO-phonon frequency
and γT O is the phonon damping constant. These parameters are well-known for many
semiconductor materials. THz frequencies accessible via THz-TDS systems (∼0.1 to
∼3THz) commonly lie below the TO-phonon frequency, where the lattice component
can be approximated as L (ω) = st . At mid-infra-red frequencies above the TO-phonon
frequency, the lattice component can be approximated as L (ω) = ∞ (ω).
By definition, the complex refractive index ñ(ω) of the sample is related to the dielectric
function by

ñ(ω) = n(ω) + ik(ω) =

p
nw (ω)µ

(2.4.6)

The real part n(ω) is the refractive index associated with the phase delay of a wave as
it passes through the sample, and the imaginary part is the extinction coeffitient k(ω)
associated with absorption. The permeability µ describes the magnetic response of the
material. Hereafter this will be set to m = 1 as our discussion is limited to nonmagnetic
samples. From inspection of equations (2.4.4) and (2.4.6) it is clear that the complex
refractive index ñ(ω), the dielectric response nw (ω) and conductivity response σ(ω)
contain equivalent information. THz-TDS is sensitive to each of these.

Chapter 2 - THz Radiation and Conductivity

16

When the material is photoexcited, its complex refractive index, dielectric function and
conductivity change. The conductivity changes by ∆σ(ω), known as the photo-induced
change in conductivity, or photoconductivity. Using equations (2.4.4) and (2.4.6) we
find:

∆σ(ω) = iω0 (nw (ω) − ∗nw (ω)) = iω0 (ñ(ω)2 − ñ∗ (ω)2 )
where the superscripts

2.5

∗

(2.4.7)

denote the values taken when the sample is photoexcited.

Extracting conductivity on Thin Films

A theoretical expression for the transmission function T (ω) from Section 2.3, can be
derived considering Fresnel transmission and reflection of a wave propagating through
the sample at normal incidence. For the example geometry in figure 2.7, the theoretical
expression is:

T (ω) =

 iωd
FP FP
Enw (ω)
2n˜1 (n˜v + n˜s )
i
vls
lsv
=
× exp
(n˜1 + n˜v )
Eref (ω)
(n˜v + n˜1 )(n˜1 + n˜s )
c
F Pvsv

(2.5.1)

where ñi are the frequency-dependent complex refractive indices, c is the speed of light
in vacuum and the subscripts v, l and s denote the vacuum, composite layer and substrate respectively. The Fabry–Pérot terms F Pijk account for the echoes that arise from
multiple internal reflections in the composite layer and in the substrate:

F Pijk

P h
 2in˜ ωd iP
X
j
j
rjk rji exp
=
c

(2.5.2)

p=0

where rij = (ñi − n˜j )/(ñi + n˜j ) are the Fresnel reflection coefficients. The summation
limit P is set by the number of internal reflections recorded in the Enw (t) and Eref (t)
waveforms.
Given the experimentally measured T (ω) and the known properties of the surrounding
media (e.g. the substrate and vacuum), the theoretical expression for T (ω) (Equation
2.5.1) can be solved analytically or numerically to obtain n˜1 and the complex dielectric
function 1 = n˜1 2 of the composite layer.
In the case of thin-film samples, the composite layer containing the sample is often very
thin compared to the wavelength of the THz radiation (d1  λT Hz , P → ∞) and the
underlying substrate is often very thick (ds > λT Hz , P = 0) so expression (2.5.1) can be
further simplified using the following approximations:
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n˜1 ωd1
1
c
n˜v ωd1
1
c
 2in˜ ωd 
in˜1 ωd1
1
1
exp
=1+
c
c
F Plsv = 1
F Pvsv = 1
F Pvls = 1 − rls rlv exp

 2in˜ ωd 
1

1

c

Applying these simplifications and noting that the complex refractive index of the vacuum
is ñv = 1 yields

T (ω) =

(1 + ñs )
(1 + ñs ) − i(ñ21 + ñs )ωd1 /c

(2.5.3)

If we rearrange the above expression and substitute 1 = ñs we get:

1 =


ic(1 + ñs )  1
− 1 − ñs
ωd1
T (ω)

(2.5.4)

Thus, the effective complex dielectric function 1 of the composite layer can be calculated
from T (ω).
Once 1 is determined it is then possible to insert 1 = L,1 + iσ1 /ω0 , (which is no
other than the previously mentioned Equation (2.4.4)) into equation (2.5.4) and solve
for σ1 (ω), the effective conductivity of the composite layer:

σ1 (ω) =



0 c(1 + ñs )  1
− 1 + iω0 ñs + L,1 (ω)
d1
T (ω)

(2.5.5)

In the case of a highly conductive sample, this equation can be approximated as:

σ1 (ω) =


0 c(1 + ñs )  1
−1
d1
T (ω)

(2.5.6)

Despite the simplifications, one must keep in mind, that conductivity is generally complex, whereby the real part relates to the resistance of the sample and the imaginary
part to the capacitance or inductance of the sample.

Chapter 3

Experimental Setup
In this chapter a brief description of the experimental technique used to determine the
intrinsic conductivity of the sample, which is in other words the conductivity due to the
presence of the intrinsic carriers, will be made. However, a general review of the Timeresolved THz spectroscopy, which is an extension of THz-Time-Domain spectroscopy
(TDS) will also be considered. These techniques are a variation of the known pumpprobe configuration. The sources of amplified pulses along with the characteristics of
each beam used in each case are presented. The important optical elements included
and processes that take place in each experimental setup are briefly described.

3.1

OPTP Configuration System

A more general configuration of THz-TDS spectroscopy is called Optical Pump THz
Probe spectroscopy (OPTP). In contrast with THz-TDS, which probes equilibrium charge
carrier transport, OPTP spectroscopy is a time-resolved technique and can therefore
be used to probe charge carrier dynamics. Hence, OPTP spectroscopy is also known
as time-resolved THz spectroscopy, an advanced all-optical non-contact experimental
method with significant advantages that include:
1) the use of ultrashort pulses to perform time-resolved THz studies with sub-picosecond
time resolution and
2) the slow variation of the THz pulse along with the use of free-space electro-optic
sampling coupled to a state-of-the-art detection scheme allowing direct determination
of both the amplitude and phase of each of the spectral components that make up the
pulse, thus giving the entire THz electric field.
In OPTP spectroscopy, an Optical Pump Pulse with energy above the bandgap of the
nanowires is used to photoexcite the nanowires before the arrival of the THz pulse. The
18
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photoexcitation of mobile charge carriers increases the conductivity of the nanowires
(photo-conductivity), and hence reduces the transmission of the THz pulse.
A typical OPTP spectroscopy System is illustrated in the following figure. First of all
we have the fundamental beam, geneated by a Spectra Physics Ti:Sapphire ultra-fast
amplifier producing 100 fs (FWHM) pulses at a repetition rate of 1 KHz and center at
800 nm.
After the initial beam is generated, it is forwarded to a series of beam splitters, where
the beam is separated into three parts, each of them following an different optical path.
Specifically, the incident beam is directed onto a beam splitter (75:25) where the fundamental beam is first separated in two parts. The majority of the intensity is used for the
excitation of the sample and possesses approximately 75% of the initial beam intensity.
The residual intensity (25%) passes through a second beam splitter (96:4) and is divided
into two parts. The beam with the higher intensity (24%) is used for the generation of
picosecond THz pulses, while the weaker part is responsible for the detection of the THz
beam and is called the probe beam.
Therefore, the apparatus consists of three different pathways:
1) the optical excitation pathway, which is the optical pump beam to photo-excite the
sample
2) the THz generation path, the THz probe beam that interacts with the photo-injected
charge carriers, and
3) the THz detection path, which is the optical detection beam to probe the THz pulse.
All three of them are illustrated in the figure below and are examined in more detail in the
following subsections. Furthermore, each the path is equipped with a translation stage to
incorporate a relevant time delay between the beams. So, the first and third translation
stages will induce a relevant time-delay between the optical pump and the THz pulses,
named as τpp . The second translation stage (in the middle) controls the arrival of the
near-IR THz probe (detector) pulse, named as τD . The mechanical precision of the
movement is 0.1 μm and the maximum measured time delay reaches up to 660 ps.
It is of great importance for our measures to prevent any effect of the measured signal
due to THz absorption by water vapor found in the atmosphere. So the parts of the
experimental arrangement including the steps of THz pulses generation and detection
are introduced into a nitrogen dry purged box.

3.1.1

Optical Excitation Path

In the optical excitation path, non linear crystals are used to convert the wavelength of
the fundamental beam into of the excitation beam via nonlinear optical effects.
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Figure 3.1: Simplified schematic diagram of a typical OPTP experimental configuration. The initial beam of ultrashort pulses is being separated in three components,
each of them with a delay controlled by different motorized translation stages with
sub-micron resolution.

For the investigation of wide band gap semiconductors UV pulses are needed to excite
the sample above the band gap. Therefore, the initial wavelength of near-IR pulses has
to be converted into the UV region using a third harmonic frequency mixing process,
which is a two-step process. Two different nonlinear crystals, namely a second harmonic
BBO (β-BaB2 O4 ) crystal in combination with a third harmonic BBO crystal are used
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to convert the beam wavelength.
First, a BBO crystal is used to double the incoming IR beam and generate pulses at
400 nm. After the first BBO crystal, the resultant beam consists of 400 nm and the
fundamental IR at 800 nm light. Then a highly reflective mirror at 800 nm separates
the different wavelength components. Following that, a half wave plate is placed in the
path of the visible light (400 nm) to change its polarization. The two resultant beams
follow different pathways and are directed onto a second BBO crystal, which favors sum
frequency mixing between 800 nm and 400 nm, to produce UV pulses at 266 nm. Since
the two different beams have to travel the same distance before they interfere into the
second crystal, two mirrors directing the beam at 800 nm are placed on a small translation
stage to make easier the achievement of temporal and spatial overlap between the two
pulses. The UV generated pulses from this configuration have energy up to 70 μJ/pulse.
Additionally, a focusing lens is used before the beam incidents on the sample to control
the diameter of the pump beam at the excitation point. For TRTS measurements the
diameter of pump beam is adjusted to be between 3-4 mm. This setup offers easy access
for three different pumping wavelengths namely 266 nm, 400 nm and 800 nm ranging
from the UV into IR region.

3.1.2

THz generation Path

The main parts of the THz generation path are the terahertz generation crystal and the
90◦ off-axis parabolic mirrors. A focusing mirror is placed in front of the THz generator
crystal to reduce the diameter of the optical beam that incidents onto the crystal to
approximately 4 mm. The crystal utilized for the generation of the THz radiation is a
0.5 mm <110> oriented ZnTe, where difference frequency mixing takes place. The choice
of the crystal orientation is made in order to maximize THz emitted signal.
The spot size of the beam is significantly larger than that used in optical pump-probe
experiments in order to avoid damaging the ZnTe crystal, that occurs for optical fluences
above 3 mJ/cm2 . The intensity of the optical beam in front of the ZnTe crystal must
be below the damage threshold of the crystal.
Also, behind the nonlinear crystal a high density polyethylene is positioned to block
any residual fundamental light transmitted through the ZnTe crystal that may damage
the optical elements in the setup. Inside the generator signal a non-linear optical effect
occurs called optical rectification, which is a kind of difference frequency mixing but for
low frequency differences because the bandwidth of the near-IR beam is small.
Alignment of 90◦ off-axis parabolic mirrors, which are used to direct and focus the THz
beam onto the sample, is quite tricky. To achieve this, a continuous-wave (CW) He-Ne
laser operating at 632 nm was used. Initially, the beam of the CW laser was coincided
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Figure 3.2: Experimental Setup for the generation UV pulses in the Optical Excitation
Path.

spatially with the IR beam, as it is directed onto the ZnTe crystal. Next to the laser, a
telescope was placed to enlarge the initial beam diameter to make possible the detection
of the THz beam trajectory and the spatial points that will incident onto the off-axis
parabolic mirrors. It is of paramount importance that off-axis parabolic mirrors are
correctly oriented and that THz beam incidents onto the mirror center, in order to be
reflected under a 90◦ angle. In this way, a tightly focused THz beam will result, with no
aberrations that will lead to widened pulses.
Following the ZnTe generation crystal in a close distance, a 90◦ Au-coated off-axis
parabolic mirror is used to focus the generated THz radiation. In order to collect efficiently the THz signal emitted by the ZnTe crystal, the first parabolic mirror must
have small focal length. Then, few 90◦ Au-coated off-axis parabolic mirrors are used so
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that THz pulses are collimated and then focused again onto the sample in a convenient
arrangement, as seen in the Figure below.
To achieve a good temporal overlap between excitation and THz pulses and at the same
time excite the sample area uniformly, a small hole was created on the last Au-coated offaxis parabolic mirror placed before the sample, so that the two beams incident collinearly
onto the sample. As previous studies have shown, it is crucial for the pump beam
diameter to be at least twice larger than the diameter of THz beam for uniform excitation.
Pump beam is focused to have a diameter between 3-5 mm and the THz beam diameter
between 1-2 mm. Finally, the THz beam transmitted through the sample is recollimated
and focused by a pair of off-axis parabolic mirrors onto a 0.5 mm <110> ZnTe detector
crystal.

3.1.3

THz detection Path

The last part of the initial near-IR beam, called the detecting or THz probing beam, is
also focused on the detector crystal, a 0.5mm thick <110> oriented ZnTe crystal, right
after it passes through a polarizer to ensure a linear polarization of the beam and a better
signal–to– noise ratio in our measurements. This weak gating beam has a diameter of
about 250 μm and just a few nJ of energy per pulse.
Travelling together with the THz pulse inside the crystal, they cause for another nonlinear optical effect to occur. It is called the linear electro-optic effect (or Pockel’s effect)
and the detection method is called free-space electro-optic sampling. Now practically
let’s just say that when passing through the electro-optic detector crystal along with a
THz field, the near-IR beam becomes from (linearly) vertically polarized to elliptically
polarized. At the exit a λ/4 plate will induce a π/2 phase difference between the two
orthogonal polarizations of the optical beam. This phase difference is introduced in order
for the Wollaston prism to be able to separate them into two beams.
Now the presence of the THz field would have as a result a difference in intensities between
the beams of orthogonal polarization and the Wollaston polarizing beam splitter prism,
sending horizontal and vertical polarizations of the near-IR pulse to different photodiodedetectors, will have them measure their voltage. The balancing of the photo-detector
is achieved while the THz pulse is blocked and the elliptical polarization of the optical
beam is lost to a circular polarization, giving two rays after the Wollaston prism with no
intensity difference thus the photo-detector measures no voltage. This action also helps
to minimize any voltage difference signal between the photodiode-detectors and reduce
noise signal to an infinitesimal level.
The voltages from the photodiodes are directed to a lock-in amplifier which measures
the difference in their voltages. The lock-in amplifier is phase-locked to an optical chopper which modulates either the pump or the THz beam, depending on the experiment.
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This detection scheme allows pulses below the blackbody radiation level to be measured
without the use of specialized detectors. A computer interfaces with the experiment
by controlling the delay tables and the lock-in amplifier. By varying the time delay
τD between the two pulses, the near-IR pulse will scan the whole THz pulse giving its
time-domain profile.

Figure 3.3: Experimental configuration of the optical pump path and the THz generation and detection paths as described in the text.
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TDS Configuration System

In contrast with OPTP which is a time-resolved technique, used to probe charge carrier
dynamics, TDS is a simpler but also very useful technique used to probe equilibrium
charge carrier transport. THz-TDS measures the electrical conductivity of nanowires
at equilibrium, that is, in their native state. The nanowire sample is probed with a
short pulse E(t) of electromagnetic radiation in the THz frequency range. As mentioned
before, the full electric field E(t) is detected as a function of time, t, that’s why the
technique is termed Time Domain Transmission Spectroscopy.
A typical experimental configuration for an THz-TDS is illustrated in the following figure.
As a femtosecond laser, a mode-locked Ti:sapphire laser of 800nm centre wavelength is
again in use, generating a train of ultrashort (<100fs) optical pulses. While passing
through a beamsplitter, the initial beam is now divided in two optical paths, the THz
generation path and the gate path.
Firstly, the THz generation beam is focused onto a THz emitter, where the incident
optical pulse excites a THz pulse E(t). The emitted THz pulse is collected and focused
onto the sample. The transmitted THz pulse is then collected again and refocused onto
the THz detector. The collection and focusing is achieved by off-axis parabolic mirrors,
often arranged in two pairs as shown in the figure.
One must take into consideration, that these mirrors can only focus effectively in one
direction because a parabola has one focus. For optimum focusing, light must come in
collimated and be reflected to the focus, or come from a point source located at the focus
and be reflected as a collimated beam. Proper alignment and orientation will minimize
asymmetric focusing, and astigmatism.
The gate beam is also focused onto the detector. The duration of the optical gate pulse
(<100fs) is much shorter than that of the THz pulse (≈1ps), so at the detector the
optical gate pulse overlaps with the THz pulse over a very narrow temporal window.
The detector measures the THz electric field only in this narrow temporal window when
the two pulses overlap. This detection scheme is known as optical gating.
As you can see, the THz generation beam travels via a mechanical translation stage.
Moving the delay stage backwards increases the distance traveled by the THz generation
beam, which delays the arrival of the THz pulse at the detector. For example, a 15μm
movement of the stage delays the THz pulse by 100fs. This delay changes the time t at
which the THz and gate pulses overlap at the detector, so that the detector measures a
different region of the THz pulse. Therefore, by moving the delay stage, the electric field
E(t) of the THz pulse can be measured as a function of time t.
In addition, the THz generation beam is optically chopped (Chopper) and the THz pulse
is detected using a lock-in amplifier referenced to the chopping frequency.
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Like in OPTP configuration, the entire beam path between the THz emitter and the
detector is enclosed within a chamber, evacuated from atmospheric air and filled with
nitrogen air in order to avoid absorption of the THz pulse by atmospheric water vapour.
As you have already seen, THz-TDS is an all-optical generation and detection method
of THz pulses. This feature enables the entire electric field E(t) waveform to be mapped
out with subpicosecond temporal resolution, with both amplitude and phase information.
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Chapter 4

Measurement Analysis
In this chapter, some general information about our specimen and its basic properties is
explained, followed by the experimental data analysis, obtained from the Time Domain
THz transmission spectroscopy used to extract the complex dielectric function and subsequently the conductivity. For the data manipulation, the mathematical analysis from
Chapter 2 is also in use.

4.1

About our specimen: SnO2 ultrathin films

Before we continue with the analysis of our measurements, it would be helpful to make
a synoptic overview about our specimen we have been working with and examine some
of its properties.
Tin dioxide SnO2 is an inorganic chemical compound, also known as stannic oxide. It is
an important n-type wide-bandgap semiconductor. The mineral form of SnO2 is called
cassiterite, and this is the main ore of tin. With many other names, this oxide of tin is
the most important raw material in tin chemistry. It is a colourless, diamagnetic solid.

Figure 4.1: Molecular form of Tin Dioxide SnO2
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Tin dioxide nanomaterials have attracted a considerable attention and have been an
active area of research over the last two decades, because of their wide applications in
lithium-ion batteries, gas sensors, sensitized solar cells, and catalysts.
Different morphologies of low-dimensional SnO2 nanostructures have been reported,
such as zero-dimensional (0D) nanoparticles, one-dimensional (1D) nanorods, nanobelts,
nanowires and nanotubes and also two-dimensional (2D) nanosheets. Three-dimensional
(3D) hierarchical architectures self-assembled from these low-dimensional nanostructured
building blocks via interactions, such as van der Waals forces, as well as hydrogen, ionic,
and covalent bonding. All of them consist an interesting class of nanomaterials whose
particular properties can thus be adjusted on demand. [1]
Not only that, SnO2 based nanomaterials can also be doped, offering a convenient way to
tailor their electrical, optical, and microstructural properties. Specifically, in this study
we have used
The most widely used method, in order to provide SnO2 nanomaterials, has been the
hydrothermal synthesis, because of its convenient manipulation combined with flexible
control over the size and morphology of the resulting nanostructures. It runs under high
temperature and pressure, which change the solubility of reactants and facilitate specific
chemical reactions.

Figure 4.2: Tin Dioxide SnO2 fibers as seen from optical microscope

Conclusively, the type of Tin Dioxide SnO2 nanostructure, used as a specimen in this
study, have been tin Dioxide ultrathin films, less than 10nm thick, deposited on an optically flat quartz glass. The specimen consists of small ellipsoidal SnO2 nanostructures,
deposed next to and upon each other and forming a grid and progressively an ultrathin
and optically transperable film.
The problem with this structure is its characteristic non-uniformity. As a result, measuring the conductivity of such a non-continuous material is an extremely difficult task using
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a conventional conductivity measure method. However, beeing an all-optical method,
Terahertz Time Domain Spectroscopy (TDS) makes this challenge attainable, only by
scanning the electric field transmitted through the ultrathin film of tin dioxide.

4.2

Reference THz Electric Field Measurement

As discussed previously on Chapter 2, a reference measurement of the THz electric field
Eref (t) has to be taken. But this reference electric field is no other but the electric field
transmitted through a thin substrate, which in our case is a fused silicon surface where
our specimen is deposited. Nevertheless an initial signal of the THz electric field has to
be taken.
These signals are obtained when the pump beam is blocked and the optical chopper
modulates the THz beam. Changing the temporal delay between the THz and the probe
pulses, the time domain of the THz electric field is scanned.

Figure 4.3: THz electric waveform Eref (t) measured in the nitrogen filled box

As mentioned before, the entire beam path between the THz emitter and the detector is
enclosed within a chamber, evacuated from atmospheric air and filled with nitrogen air
in order to avoid absorption of the THz pulse by atmospheric water vapour. Otherwise,
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the presence of atmosphere water would cause distortions on the THz pulse waveform
and affects its maximum amplitude.
It is worth to be mentioned that the oscillatory tail in the time domain THz electric field
in the absence of atmospheric water is a result of the probe beam dispersion into the
non-linear detection crystal and phase mismatching between the THz and probe beams.
The temporal measured THz electric field consists of a set of discrete data points En (t).
Therefore to obtain the frequency domain data En (ω), discrete Fourier transform has to
be applied to the time domain data. This is defined as follows,

En (ω) =

N
X

En einωt

(4.2.1)

n=1

where N is the total number of data points in the time domain signal. The fourier
transform yields the frequency spectrum of the complex electric field En (ω, φ), including
the amplitude En (ω) and the phase φn (ω), according to the relation:

En (ω, φ) = En (ω)eiφ(ω)

(4.2.2)

Analysis of the time domain signal is achieved with the development of a simple analysis
software using "ORIGIN".
The fourier transform to the time domain THz signal with no sample is shown in the
following figure.
In order to become our reference THz electric field Eref (t), the pulse has to travel first
through the substrate, which is in our case a fused silicon surface where our specimen
is deposited. Fused silica, or fused quartz, is a noncrystalline (glass) form of silicon
dioxide. Typical of glasses, it lacks long range order in its atomic structure. It’s highly
cross linked three dimensional structure gives rise to it’s high use temperature and low
thermal expansion coefficient.
Once we have the quartz substrate located in the sample place, in the nitrogen filled
chamber, we measure again the THz electric field. A new THz electric field pulse is
recorded as a function of time. In order to observe the changes in the electric field, a
new graph is drawn, where the two pulses are illustrated in a common temporal axis.
As you can see, the electric pulse transmitted through the fused silicon substrate appears
to have an infinitesimal temporal delay, something that was expected, due to the reduced
speed of the light traveling through the transparent matter of the substrate.
The Frequency-dependent FFT Magnitude of the substrate can be measured by performing once again Fourier Transform to the time domain measured electric field. The
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Figure 4.4: FFT to the time domain THz electric field with no sample

Figure 4.5: Fused silica (quartz) surfaces

result is illustrated in a common graph with the previously calculated FFT Magnitude
measured without sample and only in the presence of nitrogen in the airtight chamber.
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Figure 4.6: Temporal profile of the THz electric field propagating through an empty
sample holder and through quartz (fused silica) substrate, the reference signal, measured
with TDS.

4.3

Our specimen under investigation

In the following part, the Time Domain Spectroscopy (TDS) measurements that were
performed for the calculation of optical and transport properties for non excited SnO2
ultrathin films on quartz substrate, are presented and discussed.
After the reference measurement of the THz electric field Eref (t) is measured, which
is, not other but the electric pulse traveling through the fused silica substrate, we are
now ready to measure the probe THz electric beam transmitted through our specimen
Esam (t).
As mentioned before, the sample that we are working with is Tin Dioxide SnO2 ultrathin
films, deposited on quartz substrate. Since the wavelength of THz pulses is much larger
than the dimensions of the SnO2 sample, we can approach the system as an ultrathin
film on the substrate. Initially, the properties of the SnO2 sample were extracted using
the analysis followed in the case of thin films that it is described in Chapter 2.3

Chapter 4 - Measurement Analysis

34

Figure 4.7: Fourier Transform of the time domain THz signal with no sample and
the one transmitted through the fused silica substrate.

In this experimental procedure we have also probed Lead (Pb) doped Tin Dioxide samples, something that is going to be of great importance for the material conductivity, as
you are going to see in the following sections.
Τhe measurement of the temporal THz electric field transmitted through the non-excited
SnO2 ultrathin film on quartz substrate was firstly taken. Then we have repeated the
same measurement for non-excited SnO2 ultrathin films doped with Pb5% and Pb10%
respectively. In the same graph we have also illustrated the THz electric field transmitted
through quartz, which is the reference signal, and also the signal without any substrate.
These measurements for quartz substrate and the unexcited sample are recorded and
shown in the following Figure with different coloured lines.
As you can see, the temporal Signal of the THz electric field is decreasing, as the doping
of SnO2 with Lead (Pb) is increasing.
After that, discrete Fourier Transform is going to be used, in order to express the above
measurements in terms of frequency. The result is illustrated in (Figure 4.9).
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Figure 4.8: Temporal profile of THz pulse electric field transmitted through Tin
Dioxide SnO2 ultrathin films on quartz substrate with different doping percentages and
only through quartz substrate as well as without substrate.

4.4

Calculation of Conductivity

Doping in semiconductors, is the intentional introduction of impurities into an intrinsic semiconductor for the purpose of modulating its electrical properties. The doped
material is referred to as extrinsic semiconductor, while the non-doped material is an
intrinsic semiconductor. In the same way, non-doped semiconductors own an intrinsic
conductivity. On the other hand, doped semiconductors own an extrinsic conductivity.
A semiconductor doped to such high levels that it acts more like a conductor than a
semiconductor is referred to as a degenerate semiconductor.
In our study we have used non-doped Tin Dioxide SnO2 , as well as the doped form of
our specimen with Pb, with doping percentages 5% and 10% respectively.
We are now going to use the mathematical analysis described in section 2.5 (Extracting
Conductivity on Thin Films), in order to express the real conductivity for every kind
of our specimens, in terms of Frequency. Of course we are going to need the Fourier
transformed data from the previous section. The illustration of real conductivity on a
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Figure 4.9: Fourier Transform of the time domain THz signal with no sample, with
fused silica substrate and also of SnO2 and SnO2 with different Pb doping percentages

graph in terms of Frequency is going to be achieved with the development of a new
analysis template in "ORIGIN".
The real part of the Conductivity for Tin Dioxide SnO2 and for different Pb doping
percentages are shown in Figure 4.10.
From the previous Figure, it appears that the Conductivity of the SnO2 sample is considerable increasing in the presence of Pb dopings, while the non-doped material doesn’t
show any notable magnitude of conductivity. So, as a first conclusion, one would say that
SnO2 ultrathin films is rather an insulator with infinitesimal conductivity. On the other
hand, when doped with Pb impurities, it turns out to a conductor layer with significant
conductivity.
In other words, SnO2 ultrathin films appear to have only extrinsic conductivity and hence
they are characteristic extrinsic semiconductors.
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Figure 4.10: Real part of conductivity spectrum of SnO2 and of SnO2 at different Pb
doping percentages
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Chapter 5

Symmary
In this work, the general theory of terahertz radiation has been studied and a state of
the art method, named Terahertz Time Domain Spectroscopy (TDS), has been used, in
order to calculate the conductivity of Tin Dioxide SnO2 ultrathin films. Our sample is a
non-continuous semiconductor, something that makes the calculation of its conductivity
unattainable when using other conventional methods. However, being an all optical
method, TDS is the ideal method to fulfill this task.
In the 1st Chapter, an introduction about Terahertz radiation was made. Terahertz
(THz) radiation regime lies between the microwave and infrared frequencies of the electromagnetic spectrum, covering a frequency range from 0.1 to 10 THz. Being able to
penetrate a wide variety of conductive and non-conductive materials, terahertz radiation
has a variety of applications in modern Technology.
In the 2nd Chapter, the theoretical background hiding behind the generation of Terahertz
radiation has been studied and some optical phenomena of great importance about this
process have been discussed. These are:
Second Harmonic Generation (SHG)
Sum (SFG) and Difference (DFG) of two frequencies
Optical Rectification (OR)
Linear Electrooptic Effect (Pockels’ effect)
We have also made a reference in principles of solid state physics, such as semicoductors
and carrier dynamics. After that, a brief description of Time Domain Spectroscopy
(TDS) was made, which is the experimental Terahertz radiation method used in this
work. As we have seen, the sample and reference spectra, Esam (ω) and Eref (ω), obtained
by performing Fourier transforms on the waveforms Esam (t) and Eref (t) respectively,
are divided to each other in order to get the THz transmission function T (ω), which is
38
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directly related to the sample conductivity σ(ω), that will be calculated later. A brief
mathematical analysis about extracting conductivity on thin films has also been made.
The 3rd Chapter of this thesis is dedicated to the experimental setup for our work. Based
on the known pump-probe configuration, we have made a detailed description, firstly
about Time-resolved THz spectroscopy, and then about THz-Time-Domain spectroscopy
(TDS). The first method is an extension of the second. However, only the second one
was applied in this work, as it is the appropriate method for probing equilibrium charge
carrier transport and calculating conductivity of non-excited samples.
In the 4th and last Chapter, the experimental data analysis, obtained from the Time
Domain THz Transmission Spectroscopy (TDS) is presented. Before that, a synoptic
overview about SnO2 and SnO2 ultrathin films was given, which is the type of our
specimen. Then, the collected information from TDS method is used to extract the
conductivity of the sample.
From the results that we have taken, it comes out that SnO2 ultrathin films do not show
to have considerable conductivity and this sample is rather an insulator than a conductor.
A possible reason about this, could be the non-uniformity of the SnO2 ultrathin films, as
the sample is less than 10nm of thickness and consists of distinct nanostructures (islands).
However, when a doped sample is used, SnO2 doped with Pb impurities 5% and 10%,
suddenly the sample becomes an extrinsic semiconductor with considerable conductivity.
What makes this result special, is that, being an ultrathin film, SnO2 doped with Pb
could be used as a conduction layer. This type of material finds numerous applications
in modern technology, for example in solar panels, where a conductive layer is needed in
order to collect the maximum amount of charge carriers providing electricity.
An SnO2 ultrathin film forms a transparent surface on the solar cell, letting solar light
to penetrate the layer with infinitesimal energy absorption. This is a great advantage
for using SnO2 ultrathin films instead of any other kind of conductive layer, metal for
example.
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