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Abstract

Terahertz electromagnetic waves from 0.1 to 30 THz, bounded between the infrared
and microwave regions of the spectrum, has been intensively attracted to explore
scientific and engineering phenomena for the materials. The graphene, a single layer
of carbon atoms in a hexagonal lattice with zero energy band gap, and the carbon
nanotube, sheet of graphene rolled into a cylinder, have been widely recognized as
the perfect options for next generation ultrafast high performance optoelectronic
applications to operate at the sub-THz and THz frequencies. Measuring the electrical
conductivity and carriers' responses of such very thin conductance materials in
devices could be rather difficult because of the contact issue. The terahertz time-
domain spectroscopy (THz-TDS) is a noncontact tool to measure the optical and

electrical parameters of the nanometrics semiconductors/semimetals.

This work analysis the THz-TDS signals from the references and samples
measurement. It studies the THz frequency-dependent of the electrical and optical
properties of the nanostructure graphene-like materials from the transmission and
reflection of a home-made THz-TDS, mainly in the frequency range of 0.1-2 THz. The
DC conductivity could not be directly determined, as the available THz power
decreases sharply and falls below the noise level at lower frequencies. The electrical
and optical frequency-dependent parameters are rather noisy due to thickness of
thin films compared to the thick substrates and also the limited sensitivity of the

THz-TDS set-up over 1.5 THz.

In this thesis results obtained, for the first time, on the characterization and
spectroscopic analysis of the graphene-like samples deposited on the top of the
quartz substrate, not only at the THz frequencies but also in the zero-frequency, so-
achieved DC level, and far-infrared regime are presented. The conductivity values of
such fragile materials are extracted from noncontact measurements at THz
frequencies using elaborated conductivity Drude and non-Drude models which
nicely fit the experimental data, giving information on the physics of electrical

conductivity in these materials.
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The carrier’s transport, scattering and density near the Dirac point of graphene and
carbon nanostructure are extracted by combining the measures THZ with the Drude
models/non-Drude conductivity. This procedure is validated by the good agreement
between the extracted DC conductivity from the THz measurements and the
micrometer classical four-point probe in-line contact ones. The extrapolated
characteristic length from THz measurement enables us to predict the cut-off
frequency of such materials before applying to the optoelectronic devices. This
thesis presents a commercially relevant application of noncontact THz-TDS
techniques and analysis for the electrical characterization of nanoscale
semiconductors and polymers with high mobility in the new generation of

optoelectronic devices.



Resumen

Las ondas electromagnéticas en la regién de terahercios de 0.1 a 30 THz, cuyo
espectro estd contenido entre las regiones del infrarrojo y las microondas, han sido
intensamente utilizadas en la investigacion cientifica e ingenieria de materiales. El
grafeno, una unica capa de atomos de carbono constituida por una red hexagonal
con banda prohibida de energia cero y lo nanotubo de carbono como una lamina de
grafeno enrollado formando un cilindro, han sido ampliamente reconocidos como la
opciéon perfecta para la siguiente generacion de aplicaciones optoelectronicas
ultrarrapidas y de alto rendimiento para operar en la region de terahercios. Medir la
conductividad eléctrica y la respuesta de las portadoras de materiales tan delgados
en dispositivos de medida es dificil debido a los problemas que supone el
conectarlos fisicamente. La espectroscopia de terahercios en el dominio del tiempo
(THz-TDS) es una herramienta que no requiere contacto fisico para medir
parametros Opticos y eléctricos de semiconductores y semimetales a escala

nanomeétrica.

En este trabajo se analiza las sefiales THz-TDS de las referencias y de las mediciones
de las muestras. Se estudia la dependencia en frecuencia en el rango de THz,
principalmente en las frecuencias de 0,1 a 2 THz, de las propiedades eléctricas y
Opticas de nanoestructuras de materiales como el grafeno desde la transmision y
reflexion de un sistema propio de THz-TDS. La conductividad en DC no pudo ser
directamente determinada, ya que la potencia disponible en THz decae
abruptamente por debajo del nivel de ruido para bajas frecuencias. Los parametros
electrénicos y épticos dependientes de la frecuencia son ruidosos debido al poco
espesor de las laminas en comparacién con los gruesos sustratos y también a la

limitada sensibilidad del sistema THz-TDS por encima de 1,5 THz.

En esta tesis se obtiene, por primera vez, la caracterizaciéon y el andlisis
espectroscépico de muestras como el grafeno depositado sobre un sustrato de
cuarzo, no Unicamente en el rango de THz sino también en frecuencia cero, esto es,

en DC asi como en la region del infrarrojo lejano. Los valores de conductividad de
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tan fragiles muestras son extraidos a partir de medidas sin contacto a frecuencias de
THz mediante elaborados modelos de Drude y no-Drude que se ajustan a los datos
experimentales, proveyéndonos de informacidon de la fisica y la conductividad

eléctrica de dichos materiales.

El transporte, el scattering y la densidad de portadores cercana al punto de Dirac del
grafeno y nanoestructuras de carbono son calculadas combinando las medidas en
THZ con los modelos de Drude/no-Drude de la conductividad. Este procedimiento es
validado mediante la concordancia de la conductividad DC extraida de las medidas
de THz con las medidas clasicas de contacto en cuatro puntos a nivel micrométrico.
Las caracteristicas extrapoladas a partir de medidas de THz nos permiten predecir la
frecuencia de corte de dichos materiales antes de ser utilizados en dispositivos
optoelectronicos. Esta tesis presenta una aplicacién comercialmente relevante de
técnicas y andlisis THz-TDS sin contacto para la caracterizacién eléctrica de
semiconductores a escala nanométrica y polimeros con alta movilidad en la nueva

generacion de dispositivos optoelectrénicos.
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Chapter 1: Introduction

Electromagnetic (EM) radiation was described by Maxwell equation in 1865 [1] and
afterwards H. Hertz demonstrated the EM field waves in 1888 [2]. Following that, the EM
has been presented and characterized in the different electronic and photonic frequency
ranges. Bringing the gap between the electronic and photonic technologies has been
interested to generate and detect the EM spectrum in the far-infrared range. This gap is
known as the terahertz (THz) located in boundary of “electronics” and “photonics” sources
[3]. The THz region of the EM spectrum is typically defined as the range from 0.1 to 10 THz,
where 1 THz = 1012 Hz and corresponds to 33.3 cm™1, 4.14 meV, or a wavelength of 300um.

The interaction of THz radiation with matter provides a vital low-energy probe of the
electronic nature of a system near to its equilibrium state. The THz electromagnetic signals
certainly push the border of material study in electronic science and technology in different
aspects. The characterization of molecules in the THz band allows investigating the
vibrational and rotational modes, validates theoretical molecular structures, carriers’
responses, and understanding about electron ionization and collision processes at the

picosecond time scale [4].

The THz measurement systems (100 GHz and 5 THz) are in board of resonator (35-144
GHz) and Fourier transformation infrared (5-80 THz) techniques which can be applied for
both thin and bulk samples [5]. THz spectroscopy is an absorption method which can
enable the precise, simple and exact complex permittivity compared to the far-infrared and
microwave spectroscopy. The transmitted or reflected field of the THz pulse from the THz
emitter gives details measurement about the field amplitude and phase. They can lead us to
obtain the power absorption coefficient and refractive index simultaneously using the

coherence radiation with duration pulses of 1-2 ps.



2 Introduction

Many materials that are opaque to visible and infrared light are transparent to THz
radiation [3, 4]. The characterization of molecules in the THz gap lets studying the
vibrational and rotational modes of semiconductor and semimetal samples. Using
nondestructive testing and characterization of THz waves on semiconductors gives
carriers’ lifetime and doping concentrations. The resulting of this application allows

investigating on the electron ionization and collision processes at the picosecond time scale.

The THz gap potential has opened the new nondestructive testing and applications in
science and industrial fields over the years in different markets: food [6], biomedical and
imaging [7], polymers and material characterizations [8], energy, security, safety, defense,

biomedical, plasma fusion diagnostics, and electron bunch diagnostics [3, 4].

There are many techniques to generate and radiate the THz EM waves based on the
applications and features such as power, tunability, limitation frequency range, and cost of
systems. The different generations of THz waves are studied in Appendix A. Among modern
THz techniques, terahertz time-domain spectroscopy (THz-TDS) is known for years to be a
precise tool for noncontact and nondestructive characterization of samples like
semiconductor wafers [4, 9], paint films [10], art and historical pieces [11], biological

tissues [12], etc.

The main advantages of coherency, large dynamic, and simultaneously measuring of
magnitude and phase of the THz-TDS in a broadband frequency range allow studying
propagation and extinction parameters of dielectrics, metals, semiconductors samples
precisely. The determination of the refractive index can be obtained with a precision better
than 0.1% and absorption measured down to 0.1 cm-lof thick samples using both
transmission and reflection modes of the THz-TDS [13, 14]. As the THz-TDS delivers the
magnitude and phase of the THz waves transmitted/reflected from samples, the complex
permittivity of materials can be obtained from the THz-TDS data. In the case of conductive
materials, the THz conductivity can be calculated directly from the Drude complex

permittivity.

In optoelectronics and electronic devices, the new materials especially those with high
mobility are intensively under investigation to develop transistors with sub-nm channels

for operation in the sub-THz and THz frequencies. Graphene-Like materials have been



rapidly growing to be applied in the such optoelectronic devices since they are known as
semimetal with zero energy gap which has a fixed nearest-neighbor hopping potential
~2.5-3.1 eV with momentum-independent electronic group velocity of approximately
1/300 of the speed of light in vacuum, resulting particularly high mobility of 10000-15000
cm?/Vs and micrometer-scale ballistic transportat room temperature [15]. In addition,
reasonably priced large-scale production of graphene type materials is now becoming a

reality.

It was believed that the synthesis of a single sheet graphene was difficult. But in 2004,
Konstantin Novoselov and Andre Geim showed it is possible to isolate monolayer graphene
with depositing it on top of a substrate and that the electrical measurements can be
performed [15, 16]. High speed electronic devices of carbon based electrodes have already
found broad applications such as field-effect transistors [17] and super-capacitors [18].
CNTs and graphene thin films are usually stacked on substrate for different optoelectronic
configurations [19, 20]. The high mobility of electrons [21] and optical conductivity [22] in
graphene have been experimentally investigated to study the ultrafast intra/inter-band
transitions of two-dimensional Dirac fermions and ballistic transport at room temperature
[23, 24]. Thus, a profoundly study of the graphene electrical and optical characterization is

necessary in order to be applied them in novel optic and electronic applications.

Four-point probe [25] or van der Pauw [26] method, and Hall effect measurements [27-29]
have applied to measure the characteristics of the graphene-like materials using direct
tools. The Four-point probe and the van der Pauw methods measure only the conductivity
or resistivity, while the Hall Effect measurement method measures the carrier density and
the carrier mobility. The employ of the four-point probe needs earlier calculation and
specific assumption of the sample size, shape and thickness. Also, the four-point probe

measures only direct current (DC) value.

The contacting issue may damage such fragile device and thus may prevent a multiple
measurement procedure and/or a subsequent use of the tested devices. The importance
electrical and optical characteristics (complex functions of the conductivity and refractive
index) of graphene devices like other semiconductors have frequency-dependent values.

Therefore, a noncontact and nondestructive technique is needed in practice to measure all



4 Introduction

aforementioned characterization as functions of frequency. The noncontact method also
should give details of physics of samples (e.g., carrier density and mobility) without any

energy excitation among the valance and conduction bands.

Graphene has a Fermi level of ~0.2-0.4 eV and high carrier mobility > 2x105cm?2V-1s1 at
room temperature. It is important to note that the electrons in graphene has the long mean
free and act as massless two-dimensional particles which yields to a frequency-
independent absorption (~2.3% in an ideal case of monolayer graphene sheet) below 3 eV
for a normal wave incident. To fully identify the carriers transport, scattering and density
at and near the Dirac point, related to the quantum capacitance, we need to apply a low
phonon energy wave. THz is characterized by low photon energies sub-millimeter (sub-mm)
wavelengths, i.e., 33.3 cm! or 4.2 meV at 300 pm for 1 THz which is less than
corresponding thermal energies (48 K at 1 THz) at room temperature. The electronic
transport dynamics of graphene charge carriers are at femtosecond (10-15s) to picosecond

time (10-12s corresponding 1 THz).

Microwave [30, 31] and far-infrared [32, 33] noncontact techniques have been used to find
alternating current (AC) characterization of graphene-like samples. However, they have
limitations because of the complicated numerical transformation process and also low
signal-to-noise ratio (SNR). The complex refractive index and electrical conductivity of
nanometrics carbon structure and graphene films have been intensively studied by
transmission mode of pulsed THz-TDS and continuous wave (CW) vector network analyzer
(VNA) [34-36]. These have been done at the low and high THz frequencies instead of the
conventional electrochemical conductance measurements. Appendix A compares the

advantages and disadvantages of the THz CW and the THz pulsed techniques.

The plasma frequency and damping rate appear between microwave and IR frequencies,
commonly named the THz gap [37, 38] with a broad THz absorption peak [39]. There is
difficultly due to measuring the dispersion and absorption of such films for high THz
frequencies because of excessive attenuation in film coated on top of a bar substrate [40].
The main challenge in such techniques is measuring a separate reference substrate to
extract the film parameters precisely. Another significant challenge is at the lowest

frequencies because of decreasing the signal to noise ratio due to a drop in THz power. The



DC conductivity cannot be directly determined, as the available THz power decreases

sharply and falls below the noise level at lower frequencies (typically below 200 GHz).

The research work presented in this thesis is dedicated to the quantifications and spectra
characterizations of the optical and electrical properties of graphene and carbon nanotube
(CNT) samples. This thesis has involved the study of THz-TDS based characterization
scheme that both quantify and spectrally resolve the optical and electrical parameters
(refractive index, absorption and electrical conductivity) over the broadband range
frequency from DC (~zero frequency) O up to 2 THz. The experimental results of all
graphene and CNT samples taken under this study by the transmission and reflection
measurement are fitted by alternative Drude and non-Drude (i.e., Drude-Lorentz and

Drude-Smith) theories at the low and high frequencies.

As there is difficulty in deposition and integration of such fragile samples to the
optoelectronic devices, which may prevent a multiple measurement procedure and/or
subsequent use of the tested devices. In this thesis, the electrical conductivity peaks of CNT
and graphene samples are also demonstrated by validating the experimental results and
the theory parameters not only at THz frequencies but also at far-Infrared regimes (up to
20 THz). Importantly, this thesis directly studies the ultrafast dynamic responses (i.e.,
carrier density and high mobility) for the graphene-like samples using noncontact THz-TDS

without requirement for post process patterning.

Following introduced the research scope and the background as well as the explained
objectives in Chapter 1, the conceptual study of the noncontact THz-TDS set-up and
measurements schemes are presented in Chapter 2. This reviews the fundamental of THz-
TDS technology in spectroscopy applications. The THz spectroscopy concepts, mainly TDS
in comparison with other spectroscopy techniques, in detail is described. This chapter
introduces the different THz generation and detection techniques currently employed with
importance on the transmission and reflection experimental set-ups designed for this
thesis. Detailed information of generation and detection of the THz radiation and the data
analysis are presented in this chapter. The delay line scanning in the receiver antenna is
explained to measure the THz signals of samples in time domain. The Fourier method is

applied to transfer obtained signals from time domain into frequency domain.



6 Introduction

The principle of electric field interaction, mainly at THz frequencies, with the nanometrics
semiconductors/semimetals is presented in Chapter 3. The most important parameters
responsible for the spectral behavior of samples, such as raising the plasma frequency and
scattering rate at THz regime, along with a review of the most commonly applied
theoretical Drude model using Maxwell equation are studied. The dependence of complex
permittivity functions to the complex refractive index is aimed studying the electrical
conductivity behavior and optical parameters in this chapter. The concepts behind the
theoretical background and physics of graphene and carbon nanostructure samples are
investigated. This is followed by a description of the absorption and the electrical
conductivity engineering bands of graphene and carbon nanotubes samples. This chapter
contains a descriptive study on the intraband transition and Fermi level photon energy at
THz frequencies. The studies of physical and electronic structure of such samples in the
THz range enable not only obtaining the THz conductivity, but also extracting the so-
achieved DC conductivity at zero-frequency and also finding the peaks of electrical

conductivities at far-infrared regime.

Chapter 4 demonstrates the transmission and reflection THz-TDS set-ups and also the
measured THz temporal signals. The measurements steps of references and samples are
followed by the experimental results in both time and frequency domains, which here are
divided into three different sections: i) transmission signal measurements of SWCNT and
MWCNT samples, ii) transmission signal measurements of nanometrics MWCNT and
graphene samples, and iii) finally, not only THz transmission signal measurements but also
the reflection ones of nanometricc MWCNT, graphene and hybrid silver nano-wire
graphene samples deposited over the transparent quartz substrates with thicknesses of
several hundred and a few thousand micrometers. The principle of getting the unwrapped
phase from the measurement signal is shown in this chapter as well. This unwrapped phase
needs to be modified at low frequencies and being start from zero frequencies as there is

not enough SNR and power at frequencies below 0.2 THz.

Chapter 5 presents the results and discussion of the achieved experimental studies for
different presented samples in Chapter 4. Further to the obtained optical properties of the

reference substrates in Chapter 2, the optical and electrical parameters of all CNT and



graphene samples are characterized in Chapter 5. The electrical conductivity of films is
extracted from the THz-TDS data using the combined Drude and non-Drude models. The
frequency-dependent THz conductivity of the materials in Appendix D with an additional
discussion on physics understanding of the samples (electron and phonon parameters) is

explained.

Chapter 6 is a further motivation of Chapter 5 results. The whole spectrum analysis
obtained from the noncontact THz measurements gives reliable information to find not
only the THz conductivity, but also to extrapolate the DC conductivity and the far-infrared
conductivity peaks. The agreement between measured THz-TDS optical and electrical
values and fitted models are good, thus enforcing the feasibility of such a noncontact and
nondestructive technique. To validate our results, the DC electrical conductivity of the films
is measured with a classical 4-probe technique. In addition, Chapter 6 exposes the
experimental and theoretical results to find the THz sheet conductivity and the dynamic
carrier responses of the samples taken within this research for the future optoelectronic

applications in nano size.

Chapter 7 finally presents the conclusion of this wok and the potential future works by
summarizing significant prospective of this study and ongoing research directions
Furtherer more, the complementary studies of chapter in details are demonstrated in

Appendices (A-E).

The scope of this work was carried out within the European MIcrowave and TErahertz
PHOtonic (MITEPHO) project [cf. Appendix E]. The results obtained and presented in this
thesis have been published in the international peer-reviewed journal citation reports
(JCRs) [41-47], the newsroom and feature articles [48, 49], and the invited international

conference presentations [35, 36, 50-53].
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Chapter 2: Broadband Terahertz Time

Domain Spectroscopy

2.1 Introduction

In this chapter, the broadband THz radiation techniques will be reviewed. The basic
concepts surrounding the generation of broadband THZ signals from the ultrashort pulsed
optical excitation through the photoconductive antenna (PCA) technique will be studied. It
will be shown how the properties of such ultrashort trained pulses generated from a
femtosecond laser can accelerate the electron and holes effect on a micrometer gap, and
consequently the THz signals are emitted and detected by the PCAs. The generated THz
pulse has a width of 1-2 ps. To fully understand the process of fs optical pulses to THz
signals, it is essential to identify the sampling steps of waves by adding an optical delay

stage.

Considering this, the sections of this chapter will deal with the generation of broadband
THz signals for carrying out noncontact and nondestructive measurements at frequency
range of 0.1-2 THz. Other key components of the used THz time-domain spectroscopy
(THz-TDS) set-up will be explained in order to generate and detect the THz signals using
the PCAs and the scanning technique. The objective of this review not only serves to
introduce the mechanisms required to build up a classical THz-TDS, but will also be applied
to transfer the THz time-domain signals into the frequency domain for further signal

processing using a delay stage and Fourier transform method.

[t will be demonstrated that the optical and electrical properties of sample can be extracted
from the differential signal method. This will be applied later for the complex system for

the references and the samples taken in this study in Chapters 4-6. As an example, the thick
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reference quartz substrate optical properties, mainly the complex refractive index, will be
shown. A complementary analysis of the thickness influence of material and Fabry-Perot
(FP) effects in the differential transmission mode of both thin (e.g., CNT) and thick (e.g,,

quartz) samples will be provided in Appendix B.

2.2 THz Broadband Radiation

Present THz systems are restricted by the lack of accessibility to the high power and the
low cost frequency radiation. THz can be generated with different techniques [54] that
have their own advantages and disadvantages for spectroscopic studies. These techniques
are synchrotron radiation from a storage ring [55], free-electron lasers [56], quantum
cascade lasers [57], quantum dot lasers [58], dual-mode distributed feedback (DFB) lasers
[59], ultrafast mode-locked optical lasers by using either non-linear optical materials or
photoconductive semiconductors switches [60], and Fourier transforms infrared
spectroscopy (FTIR) [61] which has really high bandwidth. In the electromagnetic
spectrum, FTIR spectroscopy enables the characterization the materials from THz

frequencies upto the infrared gap [62].

The main disadvantage of this technique is spectral resolution limitation and also the loss
of phase information. In addition, FTIR measures the power absorption coefficient of
materials directly. The main restriction of FTIR is to derive a complicated numerical
transformation process of the Kramers-Kronig relationship in order to obtain the refractive
index [63]. High resolution measurements of THz-TDS can be obtained directly using
coherent and tunable sources such as the backward wave oscillator or optically pumped
THz lasers. However, the narrow range of these sources makes it difficult to obtain
measurements at various frequency bands. This is especially problematic since many
interesting properties can only be ascertained from the general behavior of the complex
permittivity, conductivity, or refractive index over a wide spectral range. The next chapter
will study how the Drude and non-Drude models can help us to extend the spectra in this

limited frequency range.



2.2 THz Broadband Radiation 11

Optical rectification (since 1970 [64]) and photoconductive switch (since 1975[65]) are
two useful techniques to generate short THz pulses. The optical rectification is based on the
inverse method of the conventional semiconductors (GaAs [66] and ZnTe [67]) properties
of electro-optic crystals where the energy of the picosecond THz pulse directly comes from
the laser pulse excitation. This technique provides wider bandwidth that might goes to 50

THz [68]. The main disadvantage of such system is low generated power of THz pulses.

The photoconductive technique is based on the Auston switch [65, 69] that generates and
detects sub-ps THz pulses generated (or detected) via illumination from a femtosecond (fs)
laser with an optical pulse duration of the order of fs. Fig. 2.1 shows the Auston switch,
comprising of a semiconductor substrate and electric contacts with a gap of the order of
micrometers. The train fs laser pulses illuminate this gap and the photogenerated carriers
are speeded up by the bias field which makes current. The shorter dipole of
photoconductive antenna (PCA) gives a shorter THz pulse width and thus broader
bandwidth [70]. For example, a 50um dipole PCA provides the broadest spectral band from
0.1 to 2 THz. Typical photoconductors is made of the low temperature grown GaAs (LTG-
GaAs) and Indium phosphide (InP).

Laser/Optical Pulse

Electrodes

Semiconductor

— bias
30um

Figure 2.1: The general structure of Auston switch used in the PCA.

The PCA mechanism details will be explained in coming sections. In 1988, the PCA with a
10um dipole was developed to be applied in a free-space THz spectrometer [71] and later,
in 1989, the water vapor was tested as sample which analyzed via Fourier transform in the
frequency range of 0.2 THz to 1.45 THz [72]. This system was called terahertz time-domain
spectroscopy (THz-TDS) [73]. Since then THz-TDS has been applied to characterize

different solid and semiconductor materials [8]. The THz-TDS is an absorption method
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which can enable the precise, simple and exact complex permittivity compared to the far-
infrared and microwave spectroscopy. The complex transmitted or reflected function of the
THz pulse detected in the THz emitter gives details measurement about the electric field
amplitude and phase. They can lead us to obtain the power absorption coefficient and
refractive index simultaneously using the coherence radiation with duration pulse of 1-2 ps

[74].

2.2.1 Ultrafast Femtosecond Laser

Numerous chemistry and physics studies like relaxation, vibrations, and rotations occur on
a fast time spectroscopy than a continuous wave (CW) form. Hence it is essential to
somehow gate the detection by increasing the SNR to quantify only a short time of the
physical processes. Table 2.1 shows the available techniques to generate the short pulses

laser with different lengths and repetition rates.

Table 2.1: Short laser pulses techniques with different length and repetition rates.

Technique Pulse length Repetition rate

Germanium laser with a beam chopper us several kHz

Active Q switching sub-us several MHz

Passive Q switching ns-ps GHz to sub-THz

Mode-locking (based on in-phase interference) | Ultra-short pulses (need superposition of
enormous frequencies)

The mode-locking laser can provide the ultra-short pulses (=2xcavity length/speed of
lightx number of modes). However, this needs enough number of axial modes and a
constant phase relation. In this line, a multi-mode laser that operates as self mode-locking
without needs to active switch technique can be a suitable broadband tool for generating

ultra-short pulse on the order of fs.

The Ti: Sapphire laser is usually gained in the high bandwidth in the wavelength range of
700-1200nm (even more) which makes it suitable of mode-locking technique in order to

generate fs pulses. The repetition rate of Ti: Sapphire laser is between MHz-GHz which
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relies on the cavity length (several mm to several 100 cm) with laser pulse energy of the
order of nJ. The high peak power of such a system permits studying the non-linear effect
and the time-resolved experimental in different materials. The short fs pulse light can make
a transient conductivity in the different PCA semiconductor based in the sub-THz and THz

frequencies with pulse duration of a few ps.

In this thesis, in order to generate the frequency bandwidth of 0.1-2 THz, a home-made TH-
TDS set-up has been built by a commercial fs Ti: Sapphire laser (Spectra-physics, Tsunami
model) to perform the experiments. Fig. 2.2 shows a simple analysis of peak and average
power of optical pulses with repetition of f= 1/T. The average power in a laser beam is the
power delivered over a long period of time. It yields to calculate the power or energy of

optical pulses. Assume the energy, E, contained in every pulse is constant.
The power is just the change time rate of the energy flow (energy per unit time). The

average power is the rate of energy flow over one full period, P, :ngf . The peak

ve

E
power is rate of energy flow in every pulse, P, = v The output of the laser system used
!

in this study has a transform pulse width of <100 fs with a peak power of >500 kW
(average >4.0 W) at a wavelength of 800 nm, with a pulse energy of ~50 n] and a repetition

rate of 80 MHz. The diameter of the pulse given by the manufacturer is *2mm.

Femtosecond Laser Pulses over time

Figure 2.2: [Left] The schematic of the ultrafast train pulse. [Right] The experimental fs train
pulses observed in the oscilloscope.
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2.2.2 Photoconductive THz Antennae: Generation and Detection

There are different PCAs to generate and detect the THz signals due to variety in design,
material, power and pulse duration. In this thesis, the universal broadband PCA fabricated
by low temperature grown (LTG) GaAs has been used [75]. Fig. 2.3 shows the main
principle of PCAs based on the photocarrier transport process [76]. The antenna is
consisting of metallic coplanar transmission lines imprinted on a photoconductive
substrate. In general, by illumination of the fs laser pulse, a sub-picosecond transient THz
frequency can be generated from an antenna with the carrier lifetime on the order of the
nanosecond [77]. In the generation of THz pulses the ultrafast laser pulse generates an
electron-hole pairs which decreases the conductivity of antenna gap. The recombination

rate of electrons and holes is determined by the recombination time, so-called the carrier

lifetime.
PCA
fslaser | (a)
pulse bTHZ
H”“' eam
.,_;;w il‘ i||' !lJ‘.II{v'
')!‘M’ .
(ed)
EDC-' dipole substrate
J(t) E(t) l{w)
t
t w
(b) () (d)

v

from the currentto the frequency spectrum

Figure 2.3: (a) The THz generation in the PCA using photocarrier transport process. (b) The time-
dependent of generated photocurrent. (c) The THz field emission. (d) The broadband spectrum [76].

The energy excitation photon wavelength of laser has to be selected such as the energy of
the photon is larger than the energy band-gap of the semiconductor applied with the
charge carrier mobility of ~200 cm?V-1 s-1. The connected bias voltage to the circuit

accelerates the electrons and the holes, resulting in a short-time current. The photocurrent
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carrier density in a PCA with the photocarrier density n(¢) and the photocarrier velocity
v(t)is defined by convolution between the pumped pulses power by laser P(¢)and the

impulse response of PCA ( gn(t)v(¢) ):

J(t)=P(t)*(qn(t)n(1)), (2.1)

wheregis the electron charge. The generated THz electric field at the far field is

proportional to the photocurrent and linearly polarized along the direction of the DC

electric field E o« % (several kV/cm), and hence after converting it into the frequency

domain through a Fourier transform, the broadband spectrum I(w) is appeared [78].

The THz pulse polarization is based on the Maxwell principle which is perpendicular to the
bias electrodes of the micro-gap PCA. From the far-field point-of-view, the THz pulse
propagates as a Gaussian beam that the distribution of beam can be found in the center at

higher THz frequencies [79].

The THz radiation energy is linked more into the substrate rather the air [70]. Because of
which a hyper hemispherical silicon lens is mounted on the substrate to accumulate the
radiation. The eventual THz energy emitted from the antenna is 10~20% of the total
radiation energy as there is reflection losses between the substrate-silicon lens and silicon
lens-air interfaces [75, 80]. The detection process at the PCA receiver is practically vice
versa of the generation process at the emitter. Fig. 2.4 shows the top and side views of PCAs

connected to the silicon lenses. The THz pulse travels from the emitter to the receiver.

At the receiver PCA, the um-gap is continuously excited by a sequence of fs optical probe
pulses. In this case, the electrodes are attached to a lock-in amplifier (LIA) to measure the
current. In the nonexistence of the emitted THz pulse incident on the receiver, the free
carriers induced by fs pulses recombine without creating a current flow between coplanar
transmission lines. However, the incoming radiated THz electric field accelerates the
photocarrier which is proportional to the incident THz radiation and detected by the LIA.
Hence the whole THz pulse can be mapped out by adding an optical delay line on the pump
beam path.
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Figure 2.4: The top and side views of emitter and receiver PCAs [78].

In a general term, the average photocurrent at receiver for a relative time delay, 1, can be
stated by the convolution of the transient conductance, o(t) and the incident THz beam, E(t)

in the photoconductor as follows [81, 82]:

J o j E(t)o(t—7)dt, 2.2)

2.2.3 Chopper and Lock-in Amplifier

Using a beam splitter (BS), the initial beam laser is divided into two beam-paths (pump and
probe) with same phase and half of original intensity of initial fs laser. The pump and probe
beams go to the emitter and detector THz antenna, respectively. A chopper (CH) is put in
the pump beam-path to generate a better reference signal. The CH blocks the signal as close
to the end of the train pulse as possible and takes off the noise that occurs after the
chopped signal [cf. Fig. 2.5]. The narrower bandwidth of the light pulse gives the higher

SNR which decreases the Johnson-Nyquist noise effect as well.
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Laser pulses enter to the
vacuum chamber box to hit
THz PCA emitter

4

Chopper

Aatc

Chopper

Femtosecond Laser Pulses over time

Figure 2.5: [Left] The ultrafast train pulse and the generic timing for the Chopper. [Right] The chopper
in THz-TDS system in the pump beam path located before the PCA emitter in the vacuum chamber
box.

With increasing the CH frequency, the accuracy of the signal measurements increase as
there are more samples for each time interval. In other words, this enables for shorter data
acquisition time that the time-constant for the LIA can be decreased and maintained
approximately the same SNR. A LIA is applied to measure and extract signals hidden in a
noisy environment. LIA is also to supply high-resolution measurements of pure signals as it
can be included signals over a large order of magnitude and frequencies. The CH operates
in combination with a LIA to make a reference signal. They are connected to an acquisition
system to measure signals. The time-constant uses a mean value for each time-interval of
the measurements to filter out some of the noise. The SNR can be improved by increasing
and the sensitivity the time-constant (ms ~ a few seconds) [83]. Fig. 2.6 shows the front

panel of the LIA in the THz-TDS experimental set-up.

Figure 2.6: The lock-in amplifier front panel display.
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2.2.4 Lens and Parabolic Mirrors

As explained in the above section about the PCA technology, the hyper-hemispherical Si
lenses [cf. Fig. 2.7] are mounted on the back of the emitter for coupling the energy transient
pulse into free space, and also mounted to the back of the detector to couple the incoming
THz beam into the receiver. To focus the beam energy on a spot, the outgoing THz at
emitter needs to be collimated at the trainmaster antenna and focused onto the sample
under study, and then the THz transmitted signal through sample should be re-collimated

upon the receiver antenna.

Front side of PCA g
Hyper-hemispherical Silens illuminated by fs Backside of PCA

with Silens
Laser

Emitter/detector PCA =——3

weaq zHl

(a) o (b) (©)

Figure 2.7: (a) The side view of the hyper-hemispherical Si lens function at PCA emitter or detector.
(b) The front side of PCA illuminated by fs laser pulse. (c) The back side of PCA with Si lens.

Off-axis parabolic mirrors (P) with focal length fare used to guide the THz pulse from the

emitter, through a sample onto the detector. The mirrors are arranged as follows: f-2f-2f-

2f-f, where f = % with the depth of parabolic mirror of d, and diameter of the parabolic
mirror of D. Fig. 2.8 shows that the intense of THz electric field is higher at middle of a
confocal system (green area). As it is a Gaussian shape, the diameters of THz beam beings
narrow at higher frequencies. For example, at frequency of 3 THz, the diameter of beam is
between 0.5-1 mm. Thus the focal point is the best place in where the sample under test
can be located, which the THz emission focuses through the sample before being collimated

again in the detector.
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Figure [2.8: The beam focus point for various THz frequencies between two mirrors.

Fig. 2.9 shows the final THz pulse domain of air reference detected at the receiver with
three important specifications: amplitude, width (1~2 ps) and center of wave. The THz

beam diameter of THz emission is reported to be in range of 0.5mm~2mm [37, 84].
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Figure 2.9: The THz pulse shape in time-domain [85].
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2.2.5 THz-TDS Experimental Set-up

All aforementioned electronic, electrical and optical components yield to build the home-
made THz-TDS set-up to measure the THz signal of the samples taken in this thesis. Fig.
2.10 shows a general configuration of the utilized THz-TDS in this study. In order to
eliminate and remove the water vapor effects on the THz beam, the THz system needs to
mount in an airtight or dry nitrogen atmosphere. The details of used sensor to control the
water line absorption will be discussed in Chapter 4. In Fig. 2.10, the red and blue lines are

the optical path and the THz wave, respectively.

The THz temporal signals are collected using an acquisition software and then are
transferred into the Matlab and Origin platform for further process. For each measurement,

the time windows of 30-75 ps are considered which take 1-3 minutes of scanning.

19587 BS i1]

f oL

—— BE

Figure 2.10: The THz-TDS schematic used in this study (BS: beam splitter; TD: mechanical time delay;
CH: chopper; N2A: dry nitrogen atmosphere; P: parabolic mirror; SA: sample; OL: optical lens; EM:
emitter; DE: detector; SL: silicon lens; VS: voltage supply; LIA: lock-in amplifier).
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2.3 THz Scanning and Sampling

2.3.1 Delay Stage

To delay the excitation THz pulse with respect to the received pulse at the PCA detector, a
delay distance of 0.3 mm corresponds to a time of 1 fs can be considered. The output signal
of the detector is proportional to the magnitude and the sign of the THz pulse in every
certain moment of time. Thus the variation of the time delay (TD) between pump and
probe optical pulses can trace the whole time profile of the THz pulse. The TD mechanically
can controlled by acquisition delay step of several hundred nanometers [75]. Fig. 2.11
shows that how this delay is translated into the THz pulse shape from the exciting fs laser
pulses over the time. The sampling principle is by shifting the delay stages in discrete

spatial steps Ax corresponding to the discrete temporal steps (cis the speed of light in

vacuum):
Ar= 2% (2.3)
c

At

=
Step 1
movement ¥ 2
3

- — 4
fs Laser } * 5
AX AX Pulse e ‘E*
Delay Coming
pulse pulse

time t

Figure 2.11: [Left] The optical delay stage function. [Right] The fs laser pulses and time vector in THz-
TDS sampling to get temporal waves.

2.3.2 Time Process at Detector

Fig. 2.12 shows the photoconductive detection sampling THz waveform process, where a
THz beam is propagating from the emitter and it is not yet arrived to the receiver [60]. The

electric field measurement is determined by the relative arrival times of the optical and
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THz pulse. Fig. 2.12 (a) demonstrates the optical pulse that arrives before the THz pulse in
detector. In this state, as the bias voltage is zero, there is no current through the PCA
receiver (¢, <0). Figs. 2.12 (b-c) come later with the delaying arrival of the optical pulse to
coincide the THz pulse. The time axis is determined by the delay between the laser pulse

that generates the THz pulse and the pulse that gates the THz antenna. In 7, =0 and

t.=0", the THz electric field E,,, >0 which is proportional the measured time current

flow average. The time resolved measurement of the THz pulse electric field is thus made
by changing the delay between the optical gating pulse and generating pulse. The final

measured current maps out the THz field in time as shown in Fig. 2.12 (d).

Therefore, at each position one sample point of the delay stage of signal E(¢)is recorded in
time-domain with time window of t=nAr (n=1,2,3..,N ). To obtain the frequency
spectrum of this emitted electric field, the obtained signal in the time-domain is

transformed into the frequency domain E(w =27f)with amplitude A(a)) and phase

(o(a)) using the Fourier transform method:
E(w) = 1 IE (e dt = A(w)e”” . (2.4)
2z 7

To increase the frequency resolution in obtained spectrum, the zero padding can be applied.
The obtained spectrum from the Fourier transform technique gives the discrete values of

the difference frequency as:

1

Af =——.
V=V

(2.5)

This presents that by increasing the sampling point number (N) the spectrum frequency

resolution can be increased.
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Figure2.12: The PCA detection process and sampling (a) before and (b-c) after the incident pulse is
(d) mapped out within the THz time domain [60].

2.3.3 Fourier transform Sampling for THz Waves

The generated THz wave from an emitter antenna can be considered as an electromagnetic

sinusoidal wave with amplitude 4 in the time-domain in z direction as follows:
E(t):Acos(kZi-a)t). (2.6)

There is a continuity of THz wave in the time-domain which consists of N samples by step

time size of dt. Then the whole duration of a wave is:
t=Ndt, (2.7)

where dt =2dx/c for a delay line with the scanning length of dx (usually in pm size), and

the speed of light in vacuum of c¢. Relation (2.6) can be rewritten as follows:

E(NAt)= Acos(kz £ wNAt), (2.8)
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where £, =E(nAt) for n=1,2,3,4,...,N. Practically, N is power of 2 (for example N=

210=1024). ¢ =(kztwNAt) is the phase and w=2x/ f is singular frequency. Fig. 2.13

shows an example of the detected THz signal at the receiver antenna for a reference signal

and a sample signal in the time-domain.
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Figure 2.13: The reference and sample THz signal examples shape in the time domain [85].

In order to transform the detected THz wave from the time-domain into the frequency

domain using the Fourier technique presented in (2.4). Because of the Euler's formula:
e = cos(at)+isin(at), (2.9)

(2.4) relation can be extended in the real and imaginary parts of the THz electric wave as

follows:
E(a)):iin(t)cos(a)t)dt+$TE(Z)isin(a)t)dt:A(a))cos(a))+iA(a))sin(a)). (2.10)

Fig. 2.14 shows the transformed amplitude and phase for the sample and reference signals

in the frequency-domain obtained in Fig. 2.13.
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Figure 2.14: The amplitude and phase of the THz time domain signals in Fig. 2.13 transformed into the
frequency domain [85].

The frequency sample rate (f) and frequency step or frequency resolution (df) are defined

as follows:
f=t (2.11)
dr’ '
f 1 1
df =L =—— ", 2.12
4 N dtN ¢t ( )

The frequency resolution directly depends on whole duration of signal t. By inserting (2.3)
in (2.11), the relationship between frequency sample rate and the scanning length of
optical delay can be defined as:

c

=

(2.13)

Fig. 2.15 (a) shows a real-time example of measurement in the lab done within this thesis
in which the detector takes the THz signal by acquisition system at the receiver antenna for
a transmitted signal through the sample and its reference in the time-domain. All data from
the acquisition system are processed in the coded platform for further signal processing.

Fig. 2.15 (b) shows the transformed THz signals in the frequency domain of achieved
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signals in Fig. 2.16 (a). The transformed singles in the frequency-domain is completed after
finishing the measured THz signals in the time-domain with calculating phase difference as

a function of frequency.

Figure 2.15: (a) The time trace of the THz pluses in the lab from the THz-TDS measurements of the
sample and its reference. (b) The amplitude and phase difference of the complex THz electric fields
for the sample and its reference signals.

2.3.4 Signal-to-Noise Ratio of THz-TDS

The absolute boundary of the THz-TDS set-up is essentially limited by the dynamics (DR)

measurement or signal-to-noise ratio (SNR) performances defined by [86, 87]:

_ Sy (w)
SNR(w) = —S @) , (2.14)
Sy (@)
= —Smin @ , (2.15)

where §,,. is the absolute THz amplitude, and SDis the standard deviation of signal
originated from noise, and S_ is the minimum measurable THz signal [86]. Fig. 2.16 shows

the dynamic range of the reference THz signal with a SNR of 300 at around 400 GHz
obtained from the THz-TDS set-up taken under this study [75]. The results shows a broad
band THz signals (0.1-2 THz) with an extracted linear phase which will be discussed in

Chapter 4.
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Figure 2.16: The dynamic range of THz-TDS set-up with a linear phase used in this study. The blue line
is noise floor. The red line shows the absolute value of maximum dynamic range, and the green line
shows the water line absorptions.

2.4 Reference Substrate Optical Properties

The importance of substrate transparency in the THz measurements has been studied in
Appendix B. To find the intrinsic optical and electrical properties of the thin film materials,
the quartz was chosen as the substrate for all samples because of its high transparency in
the THz regime. Since the deposition of the graphene-like thin films on the high
permittivity gate insulator does not degrade the perfect high speed carrier transport of
samples, deposition of such high conductance thin films has been made on the top of quartz

bar [36].

In the generated THz in from the PCA can be considered as parallel throughout the samples.
A classical extracting technique has been employed to calculate both the refractive index
and the absorption coefficient of the bar substrate using a similar approach explained in
Ref. [88]. The complex refractive index of the substrate with thickness of D is extracted
based on the measured transmission signals by:

T s(o,n,)~T, s (o,7), (2.16)

c,
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and the reflected ones from:

R.s(@,7)= R, s (@,7), (2.17)

by taking the experimental modulus and phase. The subscripts m and c designate the
experimental measurements, determined from Esr/Esir or Esg /Eair , and the calculated
ones respectively for transmitted and reflected THz signals. To carry out the transmission
and reflection THz measurements of the reference substrate, two main signals are
considered. The first signal is the reference air space, and the second one is signal
transmitted (reflected) through (from) the reference substrate surrounded with air. Fig.

2.17 shows the main principle of THz-TDS measurement for the thick substrate:

1- E,(w)is the incident,
2- E,(w)is the transmitted,

3- E.(w)is the reflected.

D
ES,R
'E
|1 EAIF — - SJ_I:
ﬁllh! | — '
7 n,
L
1 1
l EAfF iﬁ i ,! EAW
e —
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Figure2.17: The schematic of THz-TDS transmission and reflection measurements for the reference
substrate with thickness of D parallel face to the THz electric field.
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To find the complex refractive index of the sample (7, = n, +ik,) from the transmission and

reflection measurements, (2.16) and (2.17) are solved, respectively:

i 2] 4ﬁ1 —i[(ng—1)wD/v,

Tm,S(a))ewr,m,s( )~ (ﬁ +s1)2 e [(7i,—1)wD/v] , ([2.18)
; i1

Rm,S(a))e Prm.s (@) z% ([219)

The subscripts m and ¢ designate the experimental measurement, determined from Esr

/Eair or Esr /Eair , and the calculated one respectively for transmitted and reflected THz
signals, where7, =n, +ik, is the air refractive index (n,~1and k, ~0). Details are

explained in Appendix B. Since the bar substrate is enough thick, the backward and
forward reflections and transmissions are eliminated inside the sample. Then the real and

imaginary frequency-dependent functions for the transmission measurements from (2.18)

are calculated by (approximation of 0.9 < L’z"z <1):
(n,+n,)
c
n, z_a)D Or s 1, (2.20)
c
k(w)=—T,;. (2.21)
wD

In the same approach and from (2.19) the frequency-dependent of sample refractive index
complex functions can be calculated from the reflection measurements by:

1- R’
ng = o (2.22)

s~ 2
1-R, cospp,, s + R,

i 2R, sin Prom.S

N

(2.23)

~ 5 -
1-R, cosgp,, s + R,

Fig. 2.18 shows the extracted complex refractive index of the quartz substrate. The real one

is equal to 1.95 over the whole THz range of interest, as determined from the air reference
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and transmitted sample electric fields. The real and imaginary parts of refractive index
function obtained from reflection measurements, determined from the air reference and
reflected sample electric fields, are also plotted. Even if noisier as expected because of the
weaker sensitivity of extraction from the reflection THz-TDS data, the information obtained
from both transmission and reflection records are in good agreement. The available THz

power decreases sharply and falls below the noise level at lower frequencies.
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Figure 2.18: The complex refractive index of fused quartz as a function of frequency (0.3-2 THz) using
THz TDS transmission and reflection.

The quartz-based were chosen as the transparent substrates at THz regime for all materials
samples taken in this thesis with a real refractive index of 1.73 [cf. Fig. 2.19 (a)] and 1.95 [cf.

Fig. 2.19 (b)]. The frequency-dependent power absorption (a(a))=2a)m) values for
c

both quartz-based substrates are low, but increases continuously with frequency to reach,
respectively, 6 cm [cf. Fig. 2.19 (a)] [51] and 8 cm! [cf. Fig. 2.19 (b)] at 2 THz [50]. So, the
corresponding extinction, i.e. the imaginary part of the refractive index, remains very small
(»0.01 at 2 THz). Fig. 2.19 (a) presents that both the relatively high value of the index of
refraction and the increase of absorption with frequency demonstrate that the substrate
material is not a pure fused quartz as indicated by the supplier, but certainly a silicate glass
with a low doping concentration. This value can be neglected. The real and imaginary parts
of refractive index function of the bars indicate they are the quartz and fused quartz by

comparing previous reports [62]. Since they have almost the same level of THz power
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absorptions, throughout this thesis, the terms ‘quartz’ will be used for all substrate

materials.
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Figure 2.19: The obtained power absorption and the refractive index of (a) quartz, and (b) fused-

quartz reference substrates using THz-TDS measurements.
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2.5 Conclusions

In this chapter the key concepts related to the THz generation and detection signals have
been presented. This review has begun with a description of the THz broadband radiation
using ultrafast femtosecond laser and its history. It has been shown here that the
photoconductive THz antennae are principally governed by photo-generation carries

techniques in the semiconductors.

A review of the optoelectronic THz-TDS measurement concepts employed in this research
work have been presented by introducing different components of set-up and their
functions such as fs laser, PCA, chopper, lock-in amplifier, and parabolic mirrors. This has
been followed by the THz scanning and samplings temporal signals at the PCA detector
using an optical delay stage and time process in different steps. This obtained temporal
THz wave has been transformed into the frequency domain using Fourier technique which
allows studying the coherent complex electric field, obtaining the phase and the amplitude

values simultaneously.

A review of theory of THz extraction the optical and electrical parameters of the thick
quartz samples has been explained by taking experimental modulus and phase equal to the
theory modulus and phase in the transmission and the reflection THz-TDS measurements.
The used differential THz transmission of this extraction procedure has provided a clear
understanding of the multiple reflections of incident wave (or Fabry-Perot effect) inside
the thin film and thick substrate samples and studying the thickness influences on the

absorption and refractive index values. It has been explained in Appendix B.
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Chapter 3: THz Wave Interaction with Solid

Sates and Graphene-Like Materials

3.1 Introduction

This chapter will be brought together the key concepts of the electric field interaction with
the solid-sates material, mainly semiconductor and semimetals, along with the optical and
electrical properties of such samples, to study the THz parameters. This chapter will deal
with the study of semiconductor materials by studying the energy gaps in the THz
frequencies using the Maxwell principle. The sections will start by fundamental of the EM
wave interaction with the semiconductors to study three absorption, stimulated emission,

and spontaneous emission phenomenal. Details will provide the inter- and intra-transitions.

The THz electric field provides sufficient energy around the Fermi level and also intra-
transition to characterize the electrical and optical properties of semiconductors. To gain
more inside into the conductivity and absorption of material, a theoretical analysis based
on the Drude model will be presented to study the plasma and collision time of the
semiconductor sample. The Drude model will define the electrical and optical parameters

in functions of the most important semiconductor physical properties.

In addition, this chapter will deal with the study of the absorption and conductivity
transitions of graphene using Drude based models. Compared to the recent works, this
thesis will use the Drude model modified by addressing the Smith theory to take into
account non-random scattering of free carriers and also impurity of samples to better
adjust the experimental data with the fitted curves for THz characterization of graphene-
like samples. The CNTs' physical structure made from graphene will be investigated to
study the electrical conductivity responses of such thin films using effective medium theory

and hybrid Drude-Lorentz models to consider the Drude response (free electrons
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contributions) and Lorentz oscillation (sum of oscillation of bound electrons to calculate

the relative permittivity of the nanotubes).

3.2 Nano Semiconductor Devices and Moving to Graphene-Like

Materials

The solid-state materials can be categorized into three groups: 1) insulators, 2)
semiconductors, and 3) conductors. The range of electrical conductivities and the
corresponding resistivity is shown in Fig. 3.1 [89]. The fused quartz has very low
conductivity and silver shows high conductivity. Semiconductors, for example silicon (Si),
have been intensively interested because the energy band-gaps located between the
insulators and those of conductors. This feature allows them to be sensitive to different
phenomenal such as temperature, frequency, wave illumination, current and EM field for

different optic and electronic devices.
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Figure 3.1: The conductivity and resistivity range of insulators, semiconductors and conductors [89].

The fulfillment of Gordon Moore's prediction is followed by a continuous growth in the

switching speed of electronic devices using semiconductors by reducing size [90]. The
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Moore's law has been affected by the potential advances in silicon technology. The broad
lifetime of Moore’s law and a well evolution of nanoscale semiconductor electronics are
demanded in coming years. The present electronics devices are made from the
semiconductors. For example, Si metal oxide semiconductor field effect transistors
(MOSFETSs) with sub 100-nm gates are in mass production, and they are in a roadmap of

sub 20-nm in the next 10 years [91].

Researchers are struggling to develop and design the fast semiconductor based devices
using Si and GaAs, which are also smaller than those currently available in the market.
However, it has seen limited in the switching speed, essentially due to the high power
utilization penalty related to pushing silicon-based transistors to greater speeds. Indium
tin oxide (ITO) is considered as an alternative candidates for transparent electrodes (with
sheet conductance between 10Q and 100Q at optical transmittances of 85%-90%) [92].
Because of the scarceness of indium, ITO is becoming more expensive. New graphene-like
materials that are transparent, conductor, and flexible have major advantages over brittle

ITO coatings and its cost [93].

Graphene, a single layer of carbon atoms arranged in a hexagonal crystal lattice, has
recently appeared as a promising candidate not only for facilitating transistor downscaling
but also to increase switching speeds. They are considered as alternative materials to
semiconductors and ITO for flexible transparent conductive films since they have unique
electrical, optical and mechanical properties [41, 94-101]. Graphene-based materials
mobility, stability and compatibility with classical Si technologies lead us to the quick
development of optoelectronic devices on photonic platform, such as transistor

photodetectors, light-emitting diode (LED) and high quantum capacitors [102].

One dimensional (1D) CNTs! and two dimensional (2D) graphene forms find applications
in microelectronics, biotechnology and even in energy storage and environment. Their
chemical and dimensional compatibility with proteins and DNA has enabled them to be of

high interest to use as parts of biosensors [93, 103]. The carbon nanostructures have been

1 Carbon nanotubes (CNT) are cylinders made of rolled up graphene sheets.
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introduced in numerous electronic devices, such as field-effect transistors [104], super-

capacitors [18] or as conductive flexible adhesives [105].

The CNTs may be single walled if the tubes consist of just one sheet of graphene or multi-
walled if there exists more than one sheet of graphene. The single walled carbon nanotubes
(SWCNTs) are either semiconducting or metallic. Diameter of a SWCNT is typically around
0.8 to 2nm and that of a multi walled carbon nanotube (MWCNT) are 20 to 50 nm although
it can go beyond 100 nm. They are believed to be much stronger than steel, can conduct
electricity as efficient as copper at the same time behaving as semiconductors. Nanotubes
are perfect systems for studying transport of electrons in one dimension and also holds

commercial potential as transistors, sensors and nanoscale wires [106, 107].

In spite of the higher value of conductance in SWCNT film in comparison to MWCNT film,
they are expensive to produce. Two significant advantages of MWCNTs are higher
mechanical strength and broken voltage which are applicable for microwave and terahertz
devices. Researchers are more interested to use MWCNTSs for fabrication of excellent
nanocomposites with improving electrical properties for highly flexible and low cost
devices [20]. Having such a highly conductance material and particularly by formation of
polymer composites enables us to apply it for the recent and state-of-the-art thin devices

such as the field-effect and transistors [17, 108].

The road history of graphene-like device has been begun since 1947. Wallace
demonstrated the band structure and predict energy gap of a hexagonal 2D lattice single
layer of carbon atoms i.e., graphene [109]. In next 20 years, as shown in Fig. 3.2, Boehm et
al. produced single graphene layers by the reduction of graphite oxide [110] followed by
observation of single-layer graphene on metal by May [111]. This process was continued by
producing graphene using the thermal decomposition of silicon carbide (SiC) by Van
Bommel [112]. In Boehm's study in 1994, graphene was introduced for single carbon layers

of the graphitic structure [113].
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Figure 3.2: The graphene road map and its recent applications in optoelectronic devices [102].

This roadmap explores that the graphene-like materials have been widely recognized as
the perfect option for next generation of the ultrafast high performance transistors and
optoelectronic applications for the III-V compounds in the radio frequency (RF) devices.
Although the key challenge is that all usual semiconductors possess a sizeable band-gap
(e.g., Si 1.1 eV and GaAs 1.4 eV), which is zero for natural graphene and the missing gap has
influences for the operation of graphene devices [102].

The first report graphene based MOSFET appeared in 2007 [114]. Following that, magically
attentions have been under taken to apply such devices in high frequency systems. Within
3 years, graphene MOSFETs reported to operate at 100 GHZ [115, 116]. In 2012, this
frequency range has been extended to 400 GHz [117].
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3.3 Electronic Band Structure of Graphene

The band gap in materials is an energy range where no electrons can exist. Fig. 3.3 shows
the band structures and energy gaps of insulator (Fermi level in middle of the energy band
gap), semiconductor (Fermi level in middle of the energy band gap), metal (Fermi level in
the overlap of valance and conduction bands), and graphene (Fermi level in the Dirac point)
based devices. The energy gap is a major determining factor in all materials' properties.
Large band gaps are insulators, small band gaps are semiconductors and materials without

a band gap are conductors. The Fermi level can be changed by n/p-doping of the materials.

Carbons in the solid phase are in three allotropic forms: graphite, diamond, and
buckminsterfullerene [118, 119]. But graphene is none of these. Graphene is a monolayer
of carbon atoms packed into a two dimensional honeycomb crystal structure. It combines
the nanometrics size and high electrical conductivity, 10-100 times faster than Si, for a
wide range of technology. Graphene has a vanishingly small gap at what is called the Dirac

point [102]. Details are described in Appendix C.
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Figure 3.3: The band structures and energy gaps of insulator, semiconductor, metal and graphene.
The green colors show the Fermi level areas in different materials.
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3.4 THz Electric Field Interaction with Graphene and Electron

Transition

In accordance with the classical Maxwell’s explanation, an electromagnetic wave [cf. Fig.
3.4] sinusoidally oscillates and comprises electric and magnetic fields which are commonly
perpendicular to each other. These fields are also perpendicular to the direction of

propagation with wavelength of A =c¢/ f, which is the distance between two consecutive
peaks in an electromagnetic with amplitude of A. The frequency f =1/¢ isthe number of A
repeating event per unit time (t) and has the the international system of units of hertz (Hz).

In the case of light wave propagation, ¢ ~3x10°m /s [120].

An electric field wave is the sum of a series of monochromatic waves via Fourier transform.
The interaction between wave and material can also be presented as the sum of material
interacts with the series of monochromatic waves. The incident of energy wave with
semiconductors and metallic makes the transitions between electron states in the partially
filled band -intraband transitions - together with transitions between different bands -

interband transitions - are responsible for the electrodynamics [121].

direction
of
propagation

Figure [3.4: Electromagnetic wave propagation with wavelength of A and amplitude A perpendicular to
the direction of propagation.
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According to the quantum theory, the stationary quantum states of a single electron are

presented with a time-independent Schrodinger relation [122]:
H(rZ,(r)=E,Z, (), (3.1)

where H, is the Hamiltonian, £, is the energy eigenvalues, and Z, is the energy

eigenstates. The Hamiltonian is the summation of the kinetic and potential energies. If the
electron is confined to a limited gap by the potential, the energy levels turn into discrete.

We consider an electromagnetic wave E(¢) which travels in time ¢ interacting with the

electron. When the dipole approximation is assumed, the Hamiltonian of the electric dipole

interaction is written as:
H/(t)=-P.E(2), (3.2)

where P =—er is the electric dipole moment. Then relation (3.1) can be rewritten as a time-

dependent Schrodinger relation of the electron as:
. 0
zhazn (r,t)y=[H+H,0)]Z, (r,1), (3.3)

where # is the reduced Planck constant (or Dirac constant). The electron response to the
applied E(t)=E_e'™ +c field, with the radiation frequency of @ and the complex

conjugate of c, is resonant with the AFE energy eigenstates, 7w = AE . As shown in Fig. 3.5,

from the quantum mechanical point-of-view, three phenomena near the resonances are:

a) Absorption: the electron in the lower energy level is excited to the higher energy

level by absorbing an incident photon,

b) Stimulated emission: the energy transition is from the higher to the lower level. The
emitted photon is in-phase with the incident photon, which is the original process

driving the coherent radiation,

c) Spontaneous emission: thanks to the relaxation of the electron from the higher
energy level to the lower energy level without any external perturbation a photon is

emitted.
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(a) Absorption (b) Stimulated emission (¢) Spontaneous emission
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Figure 3.5: (a) Ab_sorption, (b) Stimulated emission, and (c) spontaneous emission process of incident
wave of with radiation frequency of wo [122].

3.4.1 THz Characterization in Semiconductors and Semimetals

The main aim to characterize the electrical and optical properties of semiconductors is
their energy band-gaps, addressing to the difference of photon energy between the highest
level of valence band (E2) and the lowest level of conduction band (E;). The electronic band
structure of a direct band-gap and an intrinsic three dimensional (3D) semiconductor [cf.
Fig. 3.6] can be expressed by parabolic conduction and the valence energies bands in the

electron m. and the hole m, effective masses approximation [122]:

£, = AE + 00 (3.4)
£, =0 (3.5)
2m,

where £ is the wave-vector and thus 7k is the momentum.
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Figure 3.6: The conduction and valence bands of a direct band-gap semiconductor considering the
effective mass approximation with (a) Density of states and (b) the parabolic band energies as a
functions of the momentum [122].

As earlier explained, there is a discrete energy gap in semiconductors between the
conduction and valence bands. But, the studies of transition energy levels within a band
are continuous for bulk material needs to low excitation energy. Fig. 3.7 shows the
corresponding photon energy to THz frequencies, 0.1-10 THz [4], which increase with
increasing the frequency. The interaction of THz radiation with matter provides a vital low-

energy probe of the electronic nature of a system close to its equilibrium state.
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Figure 3.7: The equivalent photon energy of the THz bandwidth gap as a function of frequency.
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There are several evidence of THz excitations interest such as Rydberg transitions in atoms
[123, 124] or among impurity states in semiconductors [125], phonon resonance in
crystals [126], rotation vibration transitions in molecules [127], and large-amplitude
movements in biological samples [128]. But, one of the key interest of THz excitation
interest is to study the absorb transitions within an energy band (intraband transition)
[129-131]. It is because the band-gap energy of typical semiconductors is larger than the
THz photon energy. Fig. 3.8 shows a general schematic diagram of the resonances of the
refractive index and absorption coefficient of a hypothetical solid between microwave and
optic spectral region. The strong absorption value is observed at infrared, visible and
ultraviolet regimes. In addition, the 1st resonances are happen at several THz frequencies

which allow us to investigate the dynamic carries without needs to excite the sample.

4 vibrational bands electronic transitions
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Figure 3.8: The frequency dependence of refractive index and power absorption coefficient of a
hypothetical solid [132].
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3.4.2 THz Characterization in Graphene- Materials

Appendix C presents the importance details of graphene and CNT structure. Fig. 3.9 shows
the full band structure (the valance and conduction bands) of graphene and magnification
around the vertex of the Dirac cone, so-called Dirac point. By absorbing a phonon an

electron is excited from the lower cone to the upper cone [133].

Phonon
N

Electron (particle)

Hole (antiparticle)

Dirac cone

Full band structure of graphene

Figure 3.9: The full band structure of graphene and Dirac point in its energy gap [133].

For graphene made by chemical vapor deposition (CVD) process, the initial doping is on the
order of 1012 cm-2, It approximately corresponds to a Fermi level energy of 100meV. Metals
have abundance of free charges. But, graphene is a semimetal that free electron can be
induced using chemical doping or electrical gating with straightforwardness because of its
two-dimensional nature. Perfect metal plasmons have application range is in the visible
part of the spectrum. In contrast, graphene plasmonics operate at infrared and terahertz
ranges. For example, the high sensitivity of the graphene surface plasmons can be used in
the environment sensor capabilities. The free carriers in graphene can reach around
0.001~0.01 per atom (considerably smaller than of metals; 1 per atom), or doping
concentration of 1012 ~1013 cm2. This feature of the two-dimensional and semimetallic
nature of graphene enables the electrical tunability applications. To improve the
conductivity of graphene films, the carrier concentration of the carbon layer must be
adjusted by shifting the Fermi level of graphene’s zero-gap band structure away from the
Dirac point. Fig. 3.10 shows the dispersion relation for graphene can be tuned (the Fermi
level away from the Dirac point) for the optoelectronic applications by transferring

electrons (or holes) [134]. This shift can be induced by chemical doping [135] or a metal
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contact [136]. For example, silver nanowires (AgNWs) are flexible materials with excellent
electrical conductivity [137-139]. Recently, the new AgNW-graphene transparent
conducting hybrid films have been intensively investigated in view of the developing of
DNA sensor [140], biological [141] and optoelectronic devices [142]. A comprehensive
knowledge of the electrical conduction in GRP and AgNW-GRP hybrid films, as well as a
precise measurement of their optical and electrical parameters, is compulsory for
designing optimized electronic components.

Figs. 3.11 (a-b) shows characteristic absorption spectrum of n doped graphene with
different optical transition processes involved in inter and intra bands. A Drude THz peak
response appears because of intraband free carriers’ absorption (state 1). A minimal
absorption (consequently minimal optical conductivity) in the mid-infrared frequencies is
due to Pauli blocking (state 2). In the frequency range of near-infrared to visible,
absorption is attributable to direct interband transitions which are almost constant (state

3).
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Figure 3.10: The Fermi level shifting from the Dirac point of intrinsic graphene to use in the
optoelectronic applications. PDOS is projected density of states for graphene [134].
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Figure 3.11: (a) absorbance behavior of doped graphene in different range of frequencies. (b) The
various optical transition states: at frequency o smaller than the thermal energy, absorption
transitions happen via intraband processes. At finite w < 2 p, disorder is key in imparting the

momentum for the optical transition. A transition occurs around w = 2, where direct interband
processes lead to a universal 2.3% absorption [143].

3.5 THz Dynamic Models of Nano-Semiconductors

Each THz monochromatic wave and its induced polarization are simple harmonic

oscillations, with formations of E(¢) = E,e”™ (with the phase of wt and the amplitude of Ey).

The characteristic time of a wave at 1 THz (~4.1 meV) is 1ps. As shown in Fig. 3.12, the
amplitude and the phase of THz electric field change after interacting with a semiconductor.
For example, a semiconductor electron diffusivity of ~25cm?2s-1 gives us a nanometrics
scale of diffusion length during one period (1ps). Because of which, THz spectroscopy

enables us to study the semiconductor materials, even if at a nanometrics scale.
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Figure3.12: The principle of a THz wave interacted with a semiconductor.

The complex permittivity responses of semiconductors can be described using Drude
behaviors with I"'=1/7. This is the coherent decay factor of the electrons in the matter

with plasma frequency f, =w, /27 . The THz spectroscopy studies the photocarrier

dynamics in semiconductors as a great of interest because of unique capability to
determine fundamental physical processes and optoelectronic applications such as an

ultrahigh speed modulation device operated at the sub-THz and THz frequencies.

3.5.1 Drude THz Responses of Semiconductors and Semimetals

The electrical conductivity and the physical characterization in a solid can be derived from
the THz electronic transitions. The key element is to find the dielectric constant! in relation
to free carriers. Such free carriers contribution in semiconductors/metals can be studied
by a simple Drude conductivity model. The conductivity model is based on the classical
equations of motion of an electron in an electric field, and gives the simplest theory of the

optical constants.

The propagated fields will be modified after the interaction with matter i.e., the material
parameters and properties. The propagation of EM radiation in interaction with

homogeneous media changes the amplitude and phase of electric fields. This aims us to

1 The dielectric constant is the ratio of the permittivity of a substance to the permittivity of free space.
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understand the physical properties of materials. The comparison between propagate EM
fields and passed waves can characterize the electrical conductivity and the optical

dispersions of semiconductors and metals.

The theoretical description of the dynamic phenomena of THz wave in interaction with
semiconductor is based on Maxwell’s equations in their solutions for time-varying of
electric fields. An electric field can be created by a presence of a charged particle such as
electron or proton. Thus, the Maxwell’s equations in THz can be presented due to the time

dependent solution of the equations leading to electric wave propagation:

Ld*x m dx
m —+———qE()=0, 3.6
dt*  t dt qE®) (3.6)

where E(¢) is the electric field as a function of time with spatial x, m" is effective the carrier
mass, and 7 is the collision time with the charge of the carrier g ~1.6x10™"’coulombs . The

electric field induces polarization (P) of the matter created by carrier displacement:
P=(s-¢&,)e, =Ngx , (3.7)

where N is the free carrier density, ¢ is the high frequency relative permittivity, ¢ is the
relative permittivity of the matter at high frequency of the interaction electromagnetic field,
and &, ~8.85x107"%is the permittivity in vacuum. From (3.6) can be rewritten as an

expression of the polarization of matter in (3.7):

d’P 1dP Ng’
+—————-F@{)=0, 3.8
> tdt m ® (3.8)

Each monochromatic wave and its induced polarization are simple harmonic oscillations,

with formations of:
E@)= Eoe’i“" , (3.9)
P=ye,Ee” . (3.10)

From the above relations, (3.8) can be rewritten as:
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2
2@ +i2)+ My, (3.11)
T gum

where yis the electric susceptibility of matter that can be derived from e=¢_+ y.
Therefore, the complex permittivity (& =g +ig,) of the materials as a function of

frequency (i.e., Drude model) is explained by:

5 () O % @b (3.12)
c\w)=&_ — =& — 1 , .
Y io’T T 0t 4T (e’ +T7)

2

where _1__N4"_ s the coherent decay factor of the electrons in the matter, so-called
T m*o,,

damping rate. The plasma frequency appears where ¢ becomes zero which defines as [cf.

Fig. 3.14]:

2 2
o= Na g (3.13)

P m*ee, m*T

It can be seen that the plasma frequency of the matter is proportional to the square root of
the free-carrier density which is various in different semiconductors and metals. The

effective electron mass m’ (where m, ~9.1x10”' Kg is the electron rest mass), the electron
the carrier consideration N, the plasma frequency @,/2zand the collision time 7 for

various semiconductors and metals are presented in Table 3.1.

Table 3.1: Effective electron mass, electron carrier consideration, plasma frequency and collision time
for various materials.

Material m' N (cm3) w,/27 (THz) 7 ()
Germanium (Ge) [62] 0.12m, 2.4%10" 0.127 265
n-doped Silicon (Si) [144] 0.26m, 4x10" 0.35 294.7
p-doped Silicon (Si) [144] 0.26m, 92x10" 0.448 154.5
n-doped Gallium arsenide (GaAs) [145,146] | 0.067m,  1.41x10' 41.2 69.2
Gold (Au)[147] 0.99m, 5.91x10% 2080 18
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As studied in (3.13), the plasma frequency is generally proportional to effective electron
mass and carrier consideration [cf. Table 3.1]. Semiconductors have less plasma frequency
in THz compared to metal ones. Also, the relaxation or the collision time is faster in metal.

For example, an intrinsic silicon sample shows a plasma frequency oscillation w,at less
than 0.01 THz for the free electron density on the order of 1010 cm-! [4]. Fig. 3.13 shows the
real (solid-line¢,) and imaginary (dashed-lineg,) parts of permittivity as functions of

doping density and frequency for n-type silicon (&, =11.7) calculated from (3.13).

10 ; ol {10°
0 g o .
_10'5 "'. _100_ 103
s & ol 1
s = ™ 200} 100 o
- i 1 "
ar -300 10
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Figure 3.13: [Left] Complex permittivity for n-type silicon as a function of density at 1 THz, and [Right]
Complex Permittivity for n-type silicon as a function of frequency at doping density of 1016 cm-3[4].

In an ideal case in which ¢, =1, the complex permittivity in (3.12) can be express in the real
and imaginary parts as

2

81=1——2w" T (3.14)
o +T
@’T
& =—->L——. 3.15
2 a)(a>2+1“2) (3:15)

Fig. 3.14 presents the general spectral dependence of the real and imaginary parts of
complex permittivity for the semiconductors and semi-metals described by Drude model

[148].
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Figure 3.14: The real and imaginary parts of permittivity function in the Drude model [148].

The semiconductors carrier response (density, mobility, effective mass, etc.) is affected by
THz wave’s interaction. These responses allow characterizing the THz electrical
conductivity, mainly for high speed semiconductor devices, as their operation frequencies
is at several GHz reaches even to the sub-THz and THz gaps. Thus, the THz spectroscopy
can be applied to evaluate the THz responses of semiconductor based materials or devices.
The complex Drude and permittivity has the following relationship [4]:
8~=6‘1+l'82=6‘00+ii. (3.16)
WE,
Inserting (3.14) and (3.15) in (3.16) gives us the real and imaginary part of the complex

conductivity explained as:

Greal = 0)827(2_0)) ’ (317)
o = M , (318)

e 4z
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According to the frequency range there are three different regions of the Drude responses

at THz ranges [121]:
A) Hagen-Rubens regimes: where w<<1/t,
B) Relaxation regime: where 1/1<< w<< wy,
C) Transparent regime: where w, <<w,

Fig. 3.15 describes these three regions and the frequency-dependent relationship between

the complex permittivity and conductivity of Drude response for a semiconductor sample

[149] with the relaxation rate of I'=1/7 ~ 0.5 THz and the plasma frequency @, =30 THz.

f(THz) f(THz)

Figure 3.15: Different Drude behavior of the complex permittivity and conduct function in the regions
A, B, and C at low and high THz frequencies [149].

The imaginary part of the permittivity of samples is in turn proportional to the real part of

conductivity (o,,, = 2&,0n.k, = weg,eg,,,. ). The sheet conductivity (o, =o,,,d), where d is the

eal imag

thickness of film and ¢, , is the imaginary part of effective relative permittivity, can provide a

imag
direct evaluation of the metallic content in thin film as outcomes of complex THz transmission.
The transmission is a frequency-dependent function of conductivity through the first interface

with the vacuum impedance.
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In a metallic behavior at the THz frequency ranges, a transition of several orders of

magnitude in the value of sheet resistance (=1/0,) happens which decreases with

increasing of thickness. Fig. 3.16 is obtained by the noncontact THz measurement and the
Drude electrical conductivity analysis for three different metals: Titanium (Ti), Nickel-
chromium (NiCr), and Gold (Au). The large value of sheet resistance is similar to an
electrically insulating dielectric material. At much thicker size, the sheet resistance
decreases which is characteristic of perfect metallic behaviors [150].
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Figure [3.16: The sheet resistance of thin metal films with different thicknesses at THz regime. The
solid line is the free space impedance (377 Q) [150].
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3.5.2 Drude-Smith THz Responses of Graphene

In an ideal case, the constant transmittance (T) of monolayer graphene, with a constant

optical conductivity (o, =€’ / 4h ), across the visible range can be explained by:

T=(1+-2 )~ 1-1a, (3.19)
2cg,

where cis the speed of light in vacuum, &y is the permittivity of free space. The absorption

is ma~2.3% (a=¢e"/4nnre,c). Fig. 3.17 shows the real part of the optical conductivity in

graphene versus frequency in the THz scale. At low frequencies, thus low photon energies,
the graphene optical conductivity is mainly determined by intraband transitions, while at
high frequencies, the contribution of interband transitions becomes dominant. The
dependence of optical conductivity with Fermi level, thus tunability, is high in the THz

ranges and reduces to zero for the visible range.

THz IR visible
100 ¢ T=300K
[=0meV
 —— t=40fs
10F 1128
= -~ ——— E=100 meV
X —— E,=200 meV
!'.D
~~ T A 4
% E, closer to
i} Dirac point
o
0.1F
//
0.01 O — X -
0.1 1 10 100 1,000

Frequency (THz)
Figure (3.17: The contribution from total (black), the contribution from intraband transitions (blue),

and the contribution from interband transitions (red) where in the THz range, the contribution from
interband transitions to the optical conductivity becomes negligible [19].

For the Drude-like form of the semiconductors/metals in the THz regime, the general

Drude expression considering the DC conductivity, 0., can be explained as:
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2 *
Oy ne“t/m

6= =
l-ior l-ior (3-20)

where e is the electron charge, m* is the effective mass of charge carriers, and t is the
average collision time. The real and imaginary parts of complex THz Drude conductivity are

explained, respectively, as

2 *

> O 4 ne“t/m
real = = , 21
1+’ 1+t (3:21)

sk
% ne*t / m o
o, = T= T

im ) 22
£ 1+ w’t? 1+ w’7? (3-22)

As earlier explained, compared to the visible range, the Fermi energy of graphene is usually
much larger than the photon energy in the THz frequency. In other words, in the THz range,
the absorption through intraband transitions dominates the one related to interband
transitions [19], and thus intraband absorption influences mainly the THz conductivity.
Therefore, from now on, because of the Pauli block, the interband excitation is usually
negligible in the THz case; this study considers the intraband interaction when building the

model for the THz frequency range.

A graphene film is a homogeneous conducting material. The plasma frequency and carrier
density have a nonlinear dependency, because of the conical dispersion of the energy with
momentum. As the conductivity of such materials with charge carrier localization is
disorder [151, 152], the nano-scale conductivity needs to explain with a collision fraction of

electron velocity.

The THz conductivity of graphene films has been fitted using the Drude model [153].
However, in this thesis, the Drude model is modified by Smith theory [154], so-called
Drude-Smith (DS), to take into account non-random scattering of free carriers and also
impurity of samples which allow ones to better adjust the experimental data with the
modeled curves. This is not only for pristine graphene made by the CVD process but also
for hybrid graphene thin films. The DS model enables to incorporate the phenomenon of

carrier back-scattering into the Drude model. The DS was developed to express the
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conductive behavior of disordered materials, which may not be perfectly illustrated by the
Drude response. Such disorder materials (e.g., organic polymers [149], nano-crystalline
system [155], silver nano-wires [139], actual metal materials like gold [156]) have a peak
at non-zero of real conductivity with a negative imaginary conductivity at low THz

frequencies.

The DS model is made under the statement in which an electron has a velocity memory (or
persistence of velocity) from previous collisions in scattering event. This velocity can be
described by the Poisson distribution [154]. If an electron experiences m collisions in the

time interval (0, t), the distribution probability is explained as follows:

t mexp(—’j
Pm(O,t){—) —T. (3.23)

T m!

Taking into account this electron with a unit impulse of electric field applied at t=0, the
current /(t) decays exponentially to equilibrium with a relaxation time of Tt and
conductivity explained in (3.20). Smith explained this static distribution of the impulse
current response function, with the fraction of carrier momentum ¢,, retained after m™

(m>0) scattering collision, as follows:

. . —t
i)/ J(0) = exp(—)| 1+ Y, —L
T m! ) (3.24)

where j(t)/j(0) = exp(_—t) is the probability of zero collision or the exponential decay of initial
T

current to its equilibrium value of zero. In the classical Drude model, a charge carrier does
not have a velocity memory or a scattering event, and therefore ¢,, =0. Fig. 3.18 shows

the impulse current response function based on the probability of zero collision for the 1st
collision, m=1. The Drude model shows an exponential decay behavior that the current falls

uniformly to zero. In contrast, DS model has negative c-values, which the current falls to
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negative rapidly before relaxing to zero. In this case, the charge carriers reverse their

movement orientation because of the back-scattering.
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Figure (3.18: The impulse current response function based on the probability of zero collision (m=1).

The Fourier transformation of (3.24) gives the complex conductivity frequency-dependent,
considering the memory velocity. In this model the non-random scattering of the free
carriers is taken into account and the expression of the complex DS conductivity can be

expressed by:

~ ON-f O < Cm
G=—S o Gde |11y m | _
d l—ia)r( ,Z‘l (1-io7)" } (3-25)

where d is the thickness of the film. The coefficient cn, is the fraction of the electron original
velocity that is retained after the mt collision. If we consider m=1, the real and imaginary

parts of complex conductivity in (3.25) can be expressed, respectively, as

O4c 22 2 2
Crost =55 1T 77 +c(l-0°77)), 26
/ (1+a)21'2)2( ) (3.26)
_ W10y 22
e =y ey 1T ) B.27)

If cm = 0, the carrier momentum is totally randomized (Drude model). If ¢ = -1, the free
carrier is completely backscattered [147]. Fig. 3.19 shows the normalized real (solid lines)

and imaginary (dashed lines) parts of a bulk gold conductivity considering m=1, where
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value of ¢; =0 and -1<c;<0 demonstrate Drude and DS responses of the sample, respectively
[156]. For -1<c;<0, a suppression of the complex conductivity takes place for low THz
frequencies. In this case, the imaginary parts move to negative for -1<c;<-0.5. The negative
imaginary is because of a capacitive response, steady with an instinctive behavior of
disordered conductor materials. The DC conductivity is near zero around c;=-1, showing an

insulator-like response same as a Lorentz-oscillator shape.
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Figure 3.19: The normalized THz complex conductivity responses of bulk gold using the Drude (c; =0)
and DS (-1<c;<0) models [156].

3.5.3 Drude-Lorentizan THz Responses of CNT

A CNT film contains metallic and semiconductor carbon nanotubes. The boundary
condition of those conducting CNTs depend on how the graphene sheet are rolled into [157,
158]. To describe the relative permittivity of CNT thin film, a hybrid Drude-Lorentz (DL)
model can be used in THz regime. In this model, a Drude component considers free
electrons contributions and a Lorentz component is sum of oscillation of bound electrons.
The relative permittivity of film is calculated taking the relative permittivity of the

nanotubes constituent from DL model and fused-quartz as the host medium [37, 147].

To find the electron transport parameters, plasma frequency and conductance parameters,
a precise extraction of THz frequency-dependent complex relative permittivity is

demanded. We cannot really consider the films as bulk materials since it consists of
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random nonaligned tubes. The 0.1-2 THz wavelength (photon energy of 0.4-8.2 meV) is
larger than the tubes size. From the THz electromagnetic point-of-view, such a composite
material can be treated as an effective medium From an electromagnetic point-of-view,
such a film can be treated as an effective medium with a complex permittivity function

éy =&, +i6/ wg,[159]. Fig. 3.20 shows the nanotubes with complex relative permittivity
¢ . deposited on the dielectric insulator with complex relative permittivity .. A collection
tube p p p i

of aligned and nonaligned CNTs which are electrically polarizable nanoparticles, are
transparent in the axial direction or they are opaque in the transverse plane of
electromagnetic field in microwave and infrared frequency regimes [160, 161].

Insulator 5
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Figure 3.20: The effective medium model of CNTs deposited in an insulator.

The polarization-dependent THz time domain spectroscopy of aligned CNTs shows strong
anisotropy at low and high frequencies [162]. In contrast, the tubes in this work are not
aligned. The electrodynamic response of such composite material (e.g., carbon nanotubes
and surrounded insulator) can be solved by Maxwell-Garnet (M-G) theory which can be

assumed as one application of the general Clausis-Mossotti model [159]:

(geﬁ.(a))—g[)go (328)

mz(w) = )
Ne () + (1= N)g,

where ¢y is the dielectric constant, z(w) is the complex polarisability, g is geometrical
factor, fis filling fraction. The relation between the terahertz electric field (E) at any point
inside the carbon nanotubes and its polarization (P) can be written as

(¢, (@)—¢)e&, ) 3.29
Ne (@) + (- Nz &° (3-29)

P=Fz(w)=
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An isotropic behavior in the interaction with THz electromagnetic field can be observed
and then the whole CNT sample responses with complex effective relative

permittivity ¢, =¢,, +i¢,,, using M-G theory can be considered:

[e+ /-2, (@+[1-2)1- N, | (3.30)

S = N+ (e +1-g)5,

where ¢, is the effective permittivity constant of CNTs network composed of tubes

behaving as metals and semiconductors. Filling factor (f)represents the parts of unit

volume filled by particles dispersed over the substrate. The resonance frequency moves to

higher frequencies by decreasing the filling factor (0 < 7 <1). If the filling factor is near to 1,
the CNTs behave like metals. Geometrical factor(g)depends on the form of the tubes and
by shifting the geometrical factor (0 < g <1), the resonance frequency peak moves from zero

to higher frequencies.

The imaginary part of effective permittivity is directly related to absorption of the CNT film
that shows a Drude-like tail at low frequencies because of the small concentration of free
carriers. The low frequency phonon modes, with major contribution to electrical
conductivity and carrier scattering, and a broad resonance center of CNT films are mainly
governed in the THz frequency regime [163]. The Drude model alone cannot be fitted at
high frequencies to extract conductivity parameters [164, 165]. The high frequency-
dependent complex relative permittivity of the vibrational modes for CNTs can be
calculated by Lorentz model [166]. Hence, a combined Drude-Lorentz (DL) model can be
used to study the excitations of the itinerant charge carriers, the excitations of localized
carriers, and the interband transitions of the tubes at low and high THz frequencies. The
classical Drude model is described for the metallic response of the conducting CNTs. The
interband transitions normally evaluated by fitting optical parameters in Drude model,
respond at the low and high frequencies [121]. The Lorentz model is to account for the
bound electron contribution to the permittivity. Free electron scattering and vibration
modes of bonded electrons are important key points as they contribute to the electrical

losses. The resulting hybrid DL model is giving by:
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6()2 0)2. (B 31)
& (w)=¢ — r__ 4 £-J ) .
e i)

~ (0] —w)—iT,0
where ¢, is the frequency-independent relative permittivity of the CNTs network. @, is the
plasma frequency, I" is the damping rate, , is the phonon frequency, I';is the spectral
width, and w, ; is the oscillator strength of the Lorentz oscillator ;. Filling and geometrical

factors are directly calculated using fitting DL model in THz measurement of complex
effective relative permittivity. The Drude behavior around the plasma frequency has been
already demonstrated in previous section in this chapter [cf. Fig. 3.14]. Fig. 3.21 shows a
general picture of the Lorentz oscillation of complex permittivity (@,is considered as a

simple harmonic frequency) of a free-electron metal [148].
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Figure (3.21: The real and imaginary parts of permittivity function in the Lorentz model.

The hybrid DL model describes an excellent correlation with the experimental measured
complex permittivity of many metals like materials. Table 3.2 demonstrates the DL model
parameters for Cu and Au as good metals with high values of plasma frequency. Mostly,

there are several resonances like molecular vibration and interband electron transition.

Table 3.2: The DL model parameters of Cu and Au.

Metal e o2 T2 T o,/2n o2 T2
*  (THz) (THz) (fs) (THz) (THz) (THz)
Copper (Cu)[167,168] 634 21954 16.7 953 67434 262  151.04

Gold (Au) [167, 169] 7.7

2242.6 0.001 16E4 720.02 2.105 13194
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3.6 Conclusions

Reviews of the electron transition and energy band concept regarding the THz wave
interaction with the nano-scale semiconductors in this research work have been presented.
This has been followed by details regarding the Drude responses of semiconductors at THz
regimes, which extract the optical and electrical parameters of the semiconductors and the
metals from the permittivity complex functions as function of frequency. The frequency-
dependent THz conductivity gave the details of plasma frequency and decay rate

considering three regimes: i) Hagen-Rubens, ii) B) Relaxation, and iii) Transparent.

In this chapter the importance of electrical conductivity parameters have been investigated
for the graphene and CNTs devices that are currently finding applications in the
optoelectronics industry as they prove high mobility compared the classical nanoscale
semiconductor components. These features yield us to apply the graphene-like sample for

different optic and electronic devices to operate at the sub-THz and THz frequencies.

It has been demonstrated the electronic band engineering of graphene that has a
vanishingly small gap at the Dirac point, where the Fermi level energy and charge carriers
shows a linear dispersion in comparison with the parabolic dispersion of semiconductors.
A Drude THz peak response has appeared because of intraband free carriers’ absorption.
The phenomenon associated at low THz frequencies (or low photon energies) of the
graphene conductivity is mainly determined by intraband transitions. The dependence of
optical conductivity with Fermi level, thus tunability, is high in the THz ranges and reduces
to zero for the visible range. The optical and electrical parameters of the CNTs' samples
have been studied using effective medium theory with combination of free electrons
contributions and oscillation of bound electrons to calculate the relative permittivity of the

nanotubes deposited on the top of substrate.
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Chapter 4: Experimental THz Signal
Measurements on the Electrical and Optical
Characterization of CNTs and Graphene

Thin Films

4.1 Introduction

Through this thesis the advantages of using noncontact and nondestructive THz-TDS
technique to characterize the semiconductor and semimetallic CNTs and graphene-like
materials have been studied. The preliminary analysis of THz signals was investigated for
the thick samples in Chapter 2. This chapter describes the experimental results and
measurement THz signals of the CNTs and graphene samples explained in Chapter 3 and
Appendices C-D. This chapter demonstrates the THz transmission and reflection THz-TDS
set-up and also the measured temporal signals of the samples mentioned in Appendix D.
The steps of THz measurements are followed by the experimental signals in both time and

frequency domains, which here have been divided into three different sections.

The first set of results is based on the THz transmission signal measurements for the
micrometrics SWCNT and MWCNT samples. The second set of results is from the THz
transmission signals of the nanometrics MWCNT and the graphene samples. Finally, and in
accordance with the objectives laid out for the transmission and reflection experimental
schemes, the third measurement includes the THz transmission and the THz reflection
signals of nanometrics MWCNT, graphene and hybrid silver nano-wire graphene samples.
This chapter will also show the air and the reference substrate signals, where all CNT and
graphene samples deposited over the transparent quartz substrates with thicknesses of

several hundred and a few thousand micrometers.
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CNTs and Graphene Thin Films

The final THz signal analysis in the third measurement will emphasize on the advantages
and disadvantages of reflection measurements of such high absorber and conductance
samples. Using these THz-TDS measurements, all amplitude and phase information can be
extracted directly from the spectra. The principle of getting the unwrapped phase from the
measurement signal will be presented. They will need to be corrected and being start from

zero frequencies as there is not enough SNR at the low THz frequencies.

4.2 Samples Design to Carry out THz Measurements

To design and fabricate the carbon nanostructure samples before carrying out the THz
measurements, this work started to study the fundamentals of physics beyond the
deposition and geometrics of the samples. The first and important key element is the
transparency of substrate while THz wave illuminate sample (mainly in transmission
mode). Table B.3 in Appendix B demonstrates the different studies of THz characterization
for semiconductor samples at 1 THz. As the lowest attenuation and the minimum influence
of the electrical conductivity can be found in the quartz bar, the objective of the
experimental presented in this thesis has been focused on deposition of the thin films on

top of such a bar with a thickness of order of um and mm.

The second point is the size of the thin films. To get rid of the diffraction effect, the samples
(both thin film and substrate) have been fabricated with a size larger than the THz beam
(<1 mm). It is important to note that all THz measurements have been carried out under
the assumption of thin films homogeneity in surface. Fig. 4.1 presents the general
schematic of a stack sample in the three-layer optical system that THz wave transmitted/

reflected to/ from.

To fulfill the objective of this study, the THz-TDS was measured for various graphene and
carbon nanostructure samples with different specifications, fabrication process and also
geometries, provided by the external partners after characterizations at Universidad Carlos
[II de Madrid within the MITEPHO Project [cf. Appendix E]. Appendix D presents the
samples in the details of fabrication process and physical characterizations (Raman

spectroscopy, atomic and microscopic images, etc.).
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Figure #.1: The general schematic of the three-layer (air, film and transparent substrate) optical
system for the transmission and reflection THz measurements.

4.3 THz-TDS Signal Measurements

4.3.1 Transmission Mode

As earlier explained in Chapter 2, the THz-TDS experimental scheme has been designed
based on the femtosecond (fs) pulses of infrared radiation (from a mode-locked Ti:
Sapphire laser with a central wavelength of 800nm) to generate and detect single-cycle
pulses of radiation. The optoelectronic THz-TDS configuration is consisted of a beam
splitter, optical time delay stage, and THz antennae. The generated fs laser beam is split
into two optical pulses, pumped and probe. The pumped and probe beams respectively go
to the THz emitter and THz receiver antennae using lenses. The two optical paths from
beam splitter to emitter and receiver have the same length, as the receiver antenna is gated
synchronously with an excitation of the transmitter. Fig. 4.2 (a) shows a general schematic

of THz-TDS in the transmission mode.

4.3.2 Reflection Mode

One challenge is the thickness or shape of substrates used in comparison with one another.

Uncertainty values between the reference substrates and the substrate covered with film
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can influence phase and amplitude of transmitted THz signals, which makes a variation in
the extracted complex reflective index of thin films. To overcome this issue, the temporal
THz beam reflected by the samples has been also measured at a normal incidence. Fig. 4.2

(b) shows a picture of THz-TDS set up in the reflection mode.

The main drawbacks of reflection THz-TDS mode is associated with the error caused by an
even small misalignment of sample (AL), positing of reference mirror and the beam shape
which is not completely parallel of the sample under test (angle of incidence not exactly
equal to 0°). These uncertainties will effect on the achieved optical and electrical properties
of materials. The error of achieved standard deviation can be minimized in experimental by
performing several measurements of sample in THz-TDS. In this study, for each sample,
multiple numbers of reflection measurements are performed and good repeatability of the
measured spectra is observed. The measurement is repeated several times to find the

average amplitude and phase of THz waveforms.

(a) (b)
fs laser fs laser
AN
’/\\ / \\
BS ~ DL BS & e
~ 7 / . /

Figure #.2: (a) The transmission, and (b) the reflection THz-TDS set up in normal incidence
configuration (fs= femtosecond, DL=delay line, BS= beam splitter, E=THz Emitter, and R=THz
receiver). The red and blue lines are optic and THz signals, respectively.

4.3.3 Sample Holders and Sample Location

After setting up the sample on a holder [cf. Fig. 4.3] with a hole of 2~5 mm, the sample
holder is located exactly between the emitter and receiver THz antennae. The parabolic
mirrors with focal length fare used to guide the THz pulse with output power on the range

of mW from the emitter, through the sample onto the detector. The distance between two



.3 THz-TDS Signal Measurements 67

parabolic mirrors is 2f. The sample exactly is located on the focal point of these mirrors
with distance of fof each mirror which makes the THz emission focus through the sample
before being collimated again. Fig 4.4 presents the configuration of mirrors and PCA

antennae inside the box of vacuum chamber for both transmission and reflections modes.

Figure #4.3: [Left] the sample holder with whole of 5 mm. [Right] the sample holder aligning and
setting up in THz-TDS set up.

(b)

Figure 4.4: (a) The transmission, and (b) the reflection parabolic mirrors and PCA antennae
configurations at a normal incidence of THz beam (PM= parabolic mirrors, BS= beam splitter). The
blue arrows shows THz signal path. The configurations are placed inside the box of vacuum chamber.
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4.3.4 THz Measurements Steps
There are generally six main steps in the THz-TDS measurements:

1) Switching on the pulsed laser (checking the power of the fs laser, whether it is

pulsing or not),

2) Aligning the optical and electrical components (mainly mirrors, holders and
antenna positions) to get suitable forms of the time domain signal and the spectrum

in frequency domain,

3) Preparing the vacuum chamber (to minimize the water line absorption influences

in the measured temporal signals and their THz spectra),

4) Measuring the THz air space signal (without putting any sample between emitter

and receiver) as the 1st reference signal,
5) Measuring the THz signal of substrate as the 2nd reference,
6) Measuring the THz signal of the film deposited on top of substrate.

In this study, all transmission and reflection measurements for the samples have been
performed at room temperature. The samples are located at the waist of the THz beam: at
any frequency of the available THz signal, the Rayleigh length of the beam is much larger
than the bare or covered substrate, therefore the sample can be considered as illuminated
at normal incidence by a plane wave. THz pulses are measured in the time-domain by

varying the time-delay between the THz and the optical pulse by an optical delay stage.

4.3.5 Control Waterlines Absorption

The water vapor shows strong absorption lines in the THz frequency bands. The water
content and relative humidity of the environment would therefore significantly influences
on the THz frequency spectra at certain frequencies. All experimental THz measurements
have been performed inside a dry vacuum box to reduce the water absorptions to

minimum values [cf. Fig. 4.5]. The relative humidity percentage was checked concerning a
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sensor voltage. During this study, it was reduced to a min 9% and a

presented temporal signal measurements for all samples.

max 13% during all
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Figure #4.5: [Left] the THz-TDS set up in vacuum chamber. [Right] The sensor voltage to control
relative humidity % in the set up (it has been optimized in 9~13 % corresponding 1~2 V).

4.4 THz-TDS transmission and Reflection Measurement of Samples

In this section the THz signals in time and frequency domains will be demonstrated based

on the availability of spectroscopy equipments to carry out the transmission and reflection

measurements at different schedule and objectives of the project. Here the presented
experimental results have been divided into three different subsections.

4.4.1 THz Transmission Signals of Micrometrics SWCNT and MWCNT Samples
The SWCNT and MWCNT thin films with thickness 1.09 um and 1.2 um have been

fabricated on face of the fused-quartz substrates [cf. Appendix D.1]. The tubes randomly
and horizontally distributed on top of the bar substrate.

When the thin films, made from different types of carbon nanotubes, are exposed to
electromagnetic radiation in the range of 0.1-2THz, the optical and electrical properties of

carbon nanostructures are revealed as a response [41, 48]. The samples are located at the

waist of the THz beam that can be considered as an almost perfect Gaussian beam. The

beam waist is very much smaller than the sample surface 2.5x2.5 cm? and no diaphragm is
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needed to resize the THz beam to the sample size. Moreover, the Rayleigh length of the THz
beam is much longer than the sample thickness throughout the whole THz experimental
frequency range [51]. Therefore, the samples are illuminated by plane THz waves. The
waveforms are recorded over a 35-ps time-window, leading to a spectral resolution of 28
GHz. The measurements of temporal waveforms are performed as shown in Fig. 4.6. The
first measurement recorded is the reference signal without sample in between THz emitter
and detector antennas. The second measurement is recorded with the reference quartz
substrate in the THz-TDS set-up, and the third with the quartz substrate covered by the
CNT film. For each sample the measurement is repeated four times to find the average
amplitude of each THz waveform. The Fourier transform is applied to map the THz spectra

[cf. Fig. 4.7].
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Figure 4.6: The THz temporal signals of the free space, the reference quartz substrate, and the
MWCNT and the SWCNT samples using THz-TDS transmission mode.
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Figure@.7: The THz spectrum for the free space, the reference quartz substrate, and the MWCNT and
the SWCNT samples with time window of 30ps using THz-TDS transmission mode.

Fig. 4.8 presents the transmitted (sample/reference) THz module of the different studied
samples as determined from the experimental data. The SWCNT has a lower transparency
rather the MWCNT as expected in Figs. 4.6 and 4.7. The transmission curves show that with

increasing the frequency, the transparency of the samples decrease due to absorption

phenomena.
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Figure #.8: The THz pulses transmitted (sample/reference) through the SWCNT and MWCNT samples
over frequency range of 0.2-2THz.

Furthermore, the vertically aligned MWCNT arrays deposited on a quartz with tube site
density of 1010 -1011 nanotubes/cm? (distance between two adjacent CNTs ~ 200-300 nm)

have been tried to measure in this thesis.

As with increasing length of tubes in the CNTs structure, the conductivity increases [170]
and also due to the high consideration and the vertical deposition of MWCNTs, the total
THz waves were absorbed. Because of which, the THz signals could not pass through the
samples. Then there was no any signal at the detector. Due to these reasons, there was no

further characterization of such array samples.
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4.4.2 THz Transmission Signals of Nanometrics MWCNT and Graphene Samples

In this experiment, two different graphene-like samples have been tested. The MWCNT film
thickness of two samples, namely MWCNT1 and MWCNT?2 [cf. Figs. 4.9 (a) and (b)], is 162
and 193 nm respectively [cf. Appendix D.2]. The films have a diameter of 18 mm, while the
quartz substrate is a 25x25 mm? square. The monolayer graphene (MG) film thickness of
our two samples, namely MG1 and MG2 [cf. Figs. 4.9 (c) and (d)], is a one-atom thick layer
(~0.34 nm) deposit on over quartz substrates (15x15x0.5 mm3) [cf. Appendix D.3].

Figure #.9: (a-b) The MWCNT films with thicknesses of 162 and 193. (c-d) The MG film with a one-
atom thick layer (0.34nm) deposited over the quartz substrate.

The waveforms are recorded over a 35-ps time window, leading to a spectral resolution of
28 GHz. Each waveform has been recorded several times, in order to check the
experimental reproducibility and to minimize the noise by averaging the records. The THz
spectrum of the averaged waveforms is obtained through a numerical Fourier transform
for the MWCNT [cf. Fig. 4.10 (a)] and the MG [cf. Fig. 4.10 (b)] samples over frequency
range of 0.1-2 THz. To simplify the extraction of the film parameters, an appropriate time-
windowing of the substrate and sample waveforms rejects the echoes resulting from

rebounds in the substrate [42, 50, 52].
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Figure@.10: The THz spectra obtained for (a) the MWCNT samples and (b) the MG samples. Insets
show the corresponding temporal signal achieved.

Fig. 4.11 presents the transmission spectra of the different studied samples as determined

from the experimental data. All samples show almost a steady state transmission line up to
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1.5 THz. However, afterwards there are fluctuations due to the insufficient THz power. MG2

and MWCNT2 are respectively the most (~94%) and least (~81%) transparent samples.

o)

S 04t . l
o —— MGI —4— MWCNTI1
—=— MG2 —v— MWCNT2

0.2+ J
0 1 1 1

0.5 1 1.5 2

Frequency (THz)

Figure #.11: The THz pulses transmitted (sample/reference) through the MWCNT and MG samples
over the frequency range of 0.2-2THz.

4.4.3 THz Transmission and Reflection Signals of Nanometrics MWCNT, GRP
and AgNW-GRP Samples

In this experiment, both transmission and reflection THz measurements have been carried

out for three different samples:

i) The MWCNTs film (193nm thick) was transferred onto fused quartz substrates with
thickness of 2.15mm [cf. Appendix D.2].

ii) The mono-layer (~0.34 nm) pristine graphene (GRP) was grown CVD transferred onto

the fused quartz substrate with thickness of 0.5 mm [cf. Appendix D.5].

iii) The silver nanowire-graphene hybrid (AgNW-GRP) film was deposited over fused-
quartz with thickness of 0.5mm using CVD process. The average thickness of the AgNW-
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GRP hybrid film was measured by atomic force microscopy (AFM) technique [cf. Appendix
D.5].

To measure the complex THz transmitted function (amplitude and phase), as carried out
for the former samples, three steps were performed for each sample: one without sample,
one with a bare substrate, and finally one with thin film deposited over substrate. The
waveforms were recorded over a 20-ps time-window, leading to a spectral resolution of 50
GHz. Each waveform was recorded several times, in order to check the experimental
reproducibility and to minimize the noise by averaging the records. Fig. 4.12 shows the
measured temporal THz signals. Exiris the air-incident beam. The subscripts F and S are for

film and reference substrate.
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Figure ¢4.12: [Left] The performed THz-TDS transmission measurements to obtain the temporal
signals for three MWCNT, GRP and AgNW-GRP sample and their reference substrates. [Right] The
schematic of measurements for the reference substrate and substrate covered with nanostructured
films.

In case of the reference substrate in Fig. 4.12, since the MWCNT's substrate is thicker (2.15
mm), the second echo (~50 ps) is much far from the main echo compared to the reference
substrates of GRP and AgNW-GRP ones (~20 ps) with thickness of 0.5 mm. The amplitude
of second echoes of the samples decrease (MWCNT at ~50 ps) or disappears (GRP and
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AgNW-GRP at~20 ps) compared to the uncoated reference substrates, due to antireflection
coating of high conductance thin films [171]. Figs. 4.13-14 demonstrate the smooth and
normalized spectra of the MWCNT, the GRP and the AgNW GRP samples with their air and
substrate references signals are obtained using the Fourier transform method discussed in
Chapter 2. The transmission spectra of three different studied samples obtained from the
differential complex experimental data (Tsampie/Trefsubstrate). Fig. 4.15 shows the
transmission module of all samples: the GRP (~ 90 %), the AgNW-GRP (~ 76 %), and the
MWCNT (~85 %) films. The spectra show an almost constant transmission value up to 1.5

THz. For higher frequencies, there are some fluctuations due to the insufficient THz power.
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Figure #.13: The THz transmission spectra of air reference, substrate reference and MWCNT sample.



78 Experimental THz Signal Measurements on the Electrical and Optical Characterization of

CNTs and Graphene Thin Films

100 | : T T T T
——Air
AP —&—Substrate
- ——GRP
——AgNW GRP
3
8
310"
2
E AR,
E VR
<
10_2 | I | 1 1 1 1 1

0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Frequency (THz)

Figure #4.14: The THz transmission spectra of air reference, substrate reference, GRP sample, and
AgNW GRP sample.
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Figure #.15: The THz transmittance (sample/reference) of MWCNT, GRP, and AgNW GRP samples over
frequency range of 0.2-1.5THz.



f.4 THz-TDS transmission and Reflection Measurement of Samples 79

The temporal THz beam reflected by the samples at a normal incidence was also measured.

As shown in Fig. 4.16, the signal reflected E;, by the bare side of the sample measured at

the first step, and then the covered side of the sample. The sample up-side-down has been

put and the reflected signal £, , has been recorded. In all samples, only the first reflected

pulse or main echo was saved [43].

The main drawbacks of reflection THz-TDS is associated with the error caused by small
misalignments (4L) of the sample, positioning of the reference mirror and the beam shape
(which may not be completely parallel to the sample under test i.e., angle of incidence not
equal to 0°). These uncertainties modify the achieved optical properties (refractive index
and absorption) and so-achieved electrical conductivity of materials. In this study, for each
sample, the measurement was repeated several times to find the average amplitude and
phase of THz waveforms. In Fig. 4.16, it can be seen that there is a bit variation in size
between the reference substrate of MWCNT (dash green lines) and bare side of the sample

(red line) which is not appeared for the GRP and the AgNW-GRP samples.
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Figure #4.16: [Left] The performed THz-TDS reflection measurements to obtain the temporal signals
for three MWCNT, GRP and AgNW-GRP samples and their reference substrates. [Right] The schematic
of measurements for the reference substrate and substrate covered with nanostructured films.
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Figs. 4.17-19 show the normalized spectra of MWCNT, GRP and AgNW-GRP samples with
their air and substrate references signals obtained from the Fourier transform method
explained in Chapter 2. The results show the back-side of sample (substrate not covered
with the film) has very similar spectra as the reference substrate give. A bit difference can
be explained because of uncertainty values (lack of sameness or uniformity) reflected from

the surface of the bar.

The reflection spectra of three different samples are calculated from the differential
complex experimental data (Rsample-film-side/Rref-substrate O Rsample-film-side / Rsample-substrate-side). Fig.
4.20 shows the reflection module of all samples: the GRP (~ 1.2), the AgNW-GRP (~1.65),
and the MWCNT (~1.3) films. The spectra show fluctuated values due to the insufficient
THz power and also the weaker sensitivity of extraction from the reflection phase and

amplitude data because of imperfect alignment of the samples.
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Figure@.17: The THz reflection spectra of substrate reference and both sides of MWCNT sample.
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Figure #.19: The THz reflection spectra of substrate reference and both sides of AgNW GRP sample.
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Figure #4.20: The THz reflection module (sample/reference) of MWCNT, GRP and AgNW GRP samples
over frequency range of 0.2-1.5THz.

4.4.4 Unwrapped Phase and Phase Correction

All THz transmission and reflection temporal signals with proper time windows,
considering the main echoes, mapped into the frequency domain through Fourier
transform method that gives the phase of the signal with tolerance of m. Figs. 4.21 (a) and
4.22 (a) show the original phase angles of the graphene sample, in radians, for the
transmission and reflection complex signals, where the angles are located between *xn. The

angle functions for the both transmission and reflection signals are calculated in the Matlab

platform based on the below definitions:

Angle for transmission signal= imag [log(complex transmission signal)],

Angle for reflection signal= imag [log(complex reflection signal)].
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Following that, the phase of signal is unwrapped. This corrects the radian phase angles by
adding multiples of *2m once absolute jumps between successive values are equal or
greater than to the default jump tolerance of m radians. A jump tolerance less than m has the
same consequence as a tolerance of . For a tolerance less than m, if a jump is greater than
the tolerance but less than m, adding #2m would result in a jump larger than the existing
one. Figs. 4.21 (b) and 4.22 (b) show the unwrapped transmission and reflection phases
excreted from Figs. 4.21(a) and 4.22 (a), respectively. In Fig. 4.22 (b) the slop is not totally
a straight line (indicated by arrows) compared to the presented phase in Fig. 4.21 (b)
which behaves almost like a straight line. This may explain the sensitivity of the phase

measurements in reflection mode rather the transmission ones.

It should be noted that there is not signal (or existing the high level of noise compared to
the signal one) at low frequencies in THz-TDS measurements, thus it is normal practice to
linearly extrapolate up to the first relevant phase value at w=0. Figs. 4.21 (c) and 4.22 (c)
show the extrapolated phases which start from zero frequency considering the natural
behavior in Figs. 4.21 (b) and 4.22 (b) at high frequencies. In other words, the phase slope
is calculated at frequency range of 0.3-0.4 THz and the phase value are extrapolated based
on this slop from 0 THz up to 0.3 THz. Finally, all values from 0.4 THz up to 1.6 THz are
moved to according to the calculated line distance between the original phase at 0.3 THz

and the extrapolated one at 0.3 THz.
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Figure 4.21: (a) The original phase, (b) the unwrapped phase, and (c) the corrected unwrapped phase
atlow frequency extracted from transmission THz measurement (0-1.6 THz) of mono-layer graphene
sample.
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Figure #.22: (a) The original phase, (b) the unwrapped phase, and (c) the corrected unwrapped phase
atlow frequency extracted from reflection THz measurement (0-1.6 THz) of mono-layer graphene
sample.
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4.5 Conclusions

In this chapter a comprehensive presentation of the transmission and the reflection THz-
TDS techniques to measure the module and phase of temporal signals of the graphene and
the CNT thin film deposited on a quartz bar has been studied. The experimental scheme
designed for the measurement procedures have been described and have involved THz
signal generation of 0.1-2 THz. The schemes have incorporated a parallel collimated THz
transmission and/or the reflections setups, under the same experimental conditions, and
were used to measure the air reference, the reference substrate, and the sample, allowing a

comparative analysis of all the results obtained.

Three sets of experimental tests have been devised to measure the THz temporal signals,
complex functions consisted of the amplitude and the phase information, under the control
waterlines absorption using a vacuum chamber. The experimental findings presented in
this chapter were seen to be good approaches to study the transmitted and the reflected
spectra for the different graphene and CNT thin films based on their physics and
geometries. The results presented have led to present results in Chapter 5. These analyses
have motivated further investigation to determine the electrical and optical parameters of
the high conductance graphene-based materials. The results from this spectroscopic
analysis at the AC (frequency-dependent absorption, refractive index and electrical

conductivity), the DC levels will be presented in the following Chapters 5-6.
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Chapter 5: Experimental Analysis on the THz-
TDS Optical and Electrical Parameters of the

Micro/Nanometrics Graphene-Like Films

5.1 Introduction

The features of THz-TDS as a noncontact technique to quantify the electrical and optical
properties of the thick and thin semiconductor samples have been established in Chapter 2.
The reliability of this technique has been confirmed by means of a comparative analysis of
the complex refractive index of the reference quartz substrate obtained from the measured
THz signals in both transmission and reflection modes. The presented results in this
chapter deals with the THz optical and electrical parameters of the micro and nanometrics

CNT and graphene films in Chapter 3 measured in Chapter 4.

In this chapter, the set of experimental results of the high conductance thin CNT and
graphene films from the THz-TDS transmission measurements will be presented in the
frequency range of 0.1-2 THz. Using this information and the presented conductivity
models in Chapter 3, a comparative analysis of the Drude and non-Drude responses from
the THz measurements schemes will be shown to be in close agreement, demonstrating the
scope of THz conductivity models for the AC characterization of the conductance CNT and
graphene samples. In accordance with the objectives laid out for this experimental analysis,
the Drude and non-Drude models will be studied the AC electrical conductivity of 1D and
2D carbon nanostructures which identify the physical understanding of the samples

beyond their optical and electrical parameters.

Finally, throughout this thesis, the achieved results from continuous wave vector network

analyzer, with great spectral resolution and a good dynamic range in the sub-THz
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frequency regime (60-70 dB around 500 GHz), will be taken to compare them with the
obtained THz-TDS results for the thick quartz substrate and thin graphene-like films in the
frequency of 200 GHz-500 GHz.

5.2 THz Characterization of SWCNT and MWCNT Films [41, 48, 50]

In this study, the SWCNT and MWCNT thin films with thickness of 1.09 pm and 1.2 um have
been fabricated on face of the fused quartz substrates [cf. Appendix D.1]. The extraction of
the electrical and optical properties has been performed from the differential transmission
THz-TDS measurements. As already explained, three different temporal waveform
measurements have been performed (reference Air, reference substrate and sample). The
first measurement has been recorded a reference signal without a sample in between the
THz emitter and detector antennas. The second has been measured with the reference
quartz substrate in the THz-TDS set up, and the third with the quartz substrate covered by
the CNT film. Four times in the THz measurements for each sample have been done to find

the average electric field of each THz waveform.

The real conductivity of the CNT samples [cf. Fig. 5.1 (e)] is obtained from the real [cf. Fig.
5.1 (a)] and imaginary [cf. Fig. 5.1 (b)] parts of complex refractive index. Also, the
imaginary part of the permittivity of films [cf. Fig. 5.1 (d)] is in turn proportional to the real
part of electrical conductivity (o,,, =2&,0nk = wg,

eal

Eimag )- TO find the phonon and electron

parameters of the CNT samples, the measurement data have been fitted with the presented
DL theoretical curves in Chapter 3. The extracted DL conductance parameters in Fig. 5.1 are
in the THz regime as reported for the SWCNT [164] and the MWCNT [37] thin films. The
power absorption coefficienta =2wk /¢, where ¢ is the speed of light in vacuum, is

shown in Fig. 5.1 (c).
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Figure 5.1: (a) The real and (b) the imaginary parts of refractive index, (c) the power absorption, (d)
the imaginary part of effective permittivity, (e) the real part of conductivity, and (f) the surface
conductivity of SWCNT and MWCNT thin films as functions of frequency. The points and continuous
lines are measurement and theoretical results, respectively.
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5.2.1 THz Drude-Lorentz Responses of SWCNT and MWCNT [41]

The frequency response curves for both the refractive index and the absorption in Fig. 5.1
are those of a metallic layer with a plasma frequency at different THz frequencies. The
measurement data and the theoretical DL results confirmed that the power absorption
coefficient of the SWCNT thin film is higher. This can be attributed to the larger length and
diameter of MWCNTs compared with SWCNTSs as well as contribution of the carrier density
to which the power absorption coefficient is proportional to. Table 5.1 illustrates the best
fit parameters of the experimental data by the DL model which is plotted in Fig. 5.1 as

continuous lines.

Table 5.1: The best fit parameters used in DL curves for SWCNT and MWCNT thin films.

Film g, wp/2m T/2m  1(fs) oypi/2n wj/2n T;/2m g f
(THz) (THz) (THz) (THz) (THz)
SWCNT 89 30 10.2 15.6  23.65 2.16 9.5 0.2 0.998

MWCNT 7.6 22.4 7.8 20.4 254 5.19 233 0.15 0.995

The average effective electron mass and electron carrier consideration of CNT samples are
located between doped semiconductors (e.g., n-doped silicon) and perfect metals (e.g., Au).
This is due to the behavior of CNTs depending on physical structure and varying chiral
vector indices of tubes. CNT samples have higher plasma frequency compared to

semiconductor (@, /27 ~0.35THz for n-doped silicon) [144] and lower compared to
metals (w, /27 ~2080THz for Au)[147]. The free electron wave function is perturbed

leading to some scattering effect at the crossing junction. This collision time is between
15fs and 21fs, corresponding to the order of magnitude for semimetals. The filling factor is
about 1 that proves metallic behavior with geometrical factors 0.2 and 0.15, respectively,
for the SWCNTs and MWCNTSs [159]. As the plasma frequency is proportional to the square
root of carrier density, SWCNTs have higher carrier density. The higher damping rate in
SWCNTs indicates large number of electrons available in a bonded regime and also the

larger bounding of graphitic order.



[5.2 THz Characterization of SWCNT and MWCNT Films [41, 48,50] 91

Furthermore, the surface conductivity (o, =0, ,d =2¢,0nkd = ws¢,,,,d), where d is the

gimag
thickness of film and ¢, is the imaginary part of effective relative permittivity, can

provide a direct evaluation of the metallic content in thin film as outcomes of complex THz
transmission. The transmission is a frequency-dependent function of conductivity through
the first interface with the vacuum impedance. In addition to studies given in recent report
[172], the surface conductivity frequency-dependent function of carbon nanostructures has
been extended from 700 GHz up to 2 THz [cf. Fig. 5.1 (f)]. Table E.1 has presented that the
cross-sectional diameter and length of the tubes are in the range of nanometers and
microns, respectively. Using Eq. (3.30) in Eq. (3.31), the effective permittivity or dielectric
constant has been obtained. It has a frequency limitation about 20 THz. Beyond this
frequency, the value of effective permittivity may not be precise since the effective medium

theory is not applicable.

5.2.2 Optical Absorption and Electrical Conductivity Peaks of SWCNT and
MWCNT from THz Characterization [41]

As mentioned previously, it is difficult to find the exact values of THz conductivity in
measurement results for the frequency range higher than 1.7 THz because of insufficient
THz power in the experimental set-up. However, by extending the obtained DL curves to
higher frequencies of absorption, the broadening optical density (or absorbance) peaks are
appeared at 7 THz for SWCNT and 5.7 THz for MWCNT [cf. Fig. 5.2 (a)] thin films. The
optical density peaks of different composite SWCNTSs increase at high THz frequencies by
decreasing the length of tubes using Fourier transform infrared spectroscopy at room
temperature [173, 174]. Increase in the optical density peaks in this experiment can be
explained due to the decrease (2-3 times) in the average length of tubes in comparison to
the reported far-infrared absorption of pristine and doped SWCNT composites (peak at ~ 3
THz) [175]. The THz conductivity peaks are at 2 THz and 2.6 THz, respectively for SWCNT
and MWCNT [cf. Fig. 5.2 (b)] thin films as the graphite phonon resonance is located in the
THz regime, mainly from 1meV to more than 10meV [176]. The conductivity of SWCNTs
and MWCNTs indeed depend on the crystallinity of the graphitic layers and the number of
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surface defects in the carbon nanostructures [177]. The obtained theoretical THz
conductivity peak of SWCNT samples in this study is lower than recent report [174] as a
result of the interband transition in small-gap CNTs [33]. Then the frequency of optical

conductivity peak depends on the average diameter of tubes [178].
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Figure5.2: The THz peaks of (a) optical density and (b) electrical conductivity of SWCNT and MWCNT
thin films at high frequency based on the DL model.

5.3 AC Electrical Conductivity of Carbon Nanostructure (1D) and
Graphene (2D) Samples

In this study, the real and imaginary parts of complex electrical conductivity of two
different sets of carbon nanostructure, the MWCNT and the mono-layer graphene (MG), are

extracted from the differential transmission THz-TDS measurements:

i) 1D carbon nanostructure: The MWCNTs films were transferred on fused-quartz
substrates. The MWCNT film thickness of two samples, namely MWCNT1 and MWCNT?2, is
162 and 193 nm respectively. Typically, the films have a diameter of 18 mm, while the

fused-quartz substrate is a 25x25 mm? square [cf. Appendix D.2].

ii) 2D carbon nanostructure: The MG film thickness of two samples, namely MG1 and
MG2, is a one-atom thick layer deposit on over quartz substrates with size of 15x15x0.5

mm3 [cf. Appendix D.3].
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5.3.1 AC Conductivity Measurements and Non-Drude Responses of 1D and 2D
Graphene Samples [42, 50]

One atomic single-layer of graphene film shows a very clear THz response which reduces
15~20% the power of a transmitted THz pulse. Moreover, the THz probing beam
particularly has small energy excitation energy. These combinations will find to study the
carrier dynamic characterization of 1D and 2D graphene-like materials. The THz-TDS does
not only allow for the characterization of charge carriers of graphene in stabilize conditions,
but it is also particularly appropriated for non-equilibrium measurements from time-
resolved THz spectroscopy where an optical pulse can be applied to make charge carriers
and the subsequent evolution of charge carriers can be monitored in femtosecond scale for
imaging gas molecular adsorption and desorption sensing applications [179, 180]. The
complex permittivity function of the thin films, to which is related the real refractive index
and absorption of the electromagnetic wave are extracted in the same method as explained

in the previous section.

Fig. 5.3 (a) depicts the THz real conductivity of the films: it monotonically increases with
increasing frequency for both MWCNT samples. Fig. 5.3 (b) shows the imaginary part of the
electrical conductivity, which decreases with increasing frequency. Then, the conductivity
does not follow the simple Drude model and it is needed to consider the Lorentzian
contribution at high frequencies. The fits of the experimental data are plotted as lines in Fig.
5.3. One can notice the excellent agreement between measured and calculated
conductivities, in both cases of real and imaginary parts. The so-achieved plasma frequency

is f, =w, /27 ~45THz, corresponding to an equivalent-bulk density of carriers of 2-4x101°

cm3. Thus, this plasma frequency of MWCNT films is much higher than the one in
semiconductors, and smaller than in metals with a scattering time (7 210 fs) of the order of
metallic materials. In regular semiconductors, f, is proportional to the square root of
carrier density and inversely proportional to the effective mass of the carriers. The Lorentz

resonance frequency is around 4 and 6 THz respectively for MWCNT1 and MWCNT?2.
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Figure 5.3: (a) The real and (b) the imaginary parts of measured (markers) and fitted DL model
(lines) results of electrical conductivity for MWCNT samples.

The plasma frequency and carrier density of MG have a nonlinear dependency, because of
the conical dispersion. As discussed already in Chapter 3, the two processes involved in
optical absorption in graphene are: carrier intraband transitions and interband transitions
[181]. The intraband transition conductivity in the THz range dominates the interband
transition conductivity [19]. The measured intraband conductivity is 30 times larger than
the interband [182]. Because of this, the conductivity by the intraband free-carrier

response in sub-THz analysis is only considered.



[5.3 AC Electrical Conductivity of Carbon Nanostructure (1D) and Graphene (2D) Samples 95

Figs. 5.4 (a) and (b) display the THz conductivity of the MG samples. MG1 real conductivity
is twice the one of MG2, while its imaginary part is much higher. The values of conductivity
are known to be sensitive to the thickness of the MG films [151]. This difference in
conductivity behavior of the studied MG samples could come from the slight variation in
the transfer during the CVD synthesis process. Also, MG2 shows a non-Drude response
because of its smaller area than MG1, which explains why the conductivity shows an
oscillator at higher frequencies. As a result of large scattering rates, the studied spectral
range is below the Drude roll-off frequency. For the MG1 sample, both real and imaginary

parts of conductivity increase with increasing frequency, which is well fitted by a Drude-

like form (c,, =0, f, ¥571 THz and 7 = 34 fs) of the frequency-dependent conductivity

[153]. For the MG2 sample, however, the negative imaginary part of THz conductivity
decreases with increasing frequency. As shown in Chapter 3, it cannot be explained by a

simple Drude model, but it is well described by the Drude-Smith (DS) theory with m=1 and
¢y =—0.6. The large negative value of ¢, indicates that the electrons are affected by
backward scattering as a result of the structural disorder effects in graphene [151]. As for

MG1 sample, the plasma frequency f, 492 THz s in the visible range while the collision

value (7 = 53 fs) is comparable to the ones of metals.
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Figure 5.4: (a) The real and (b) the imaginary parts of measured (markers) and fitted DS model (lines)
results of electrical conductivity for the MG samples.

5.3.2 AC Sub-THz Characterization of MWCNT and Graphene Thin Films Using
Pulsed THz-TDS and CW VNA Techniques [45-47, 49]

One of the main challenges it can be faced while coming down to the lowest frequencies

using the THz-TDS is the decrease of SNR due to a drop in THz power. Vector network

analyzer (VNA) offers a great spectral resolution and a good dynamic range in the sub-THz

frequency regime (60-70 dB around 500 GHz). The advantages of continuous wave (CW)
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characterization using VNA over pulsed THz-TDS are higher spectral resolution and huge
dynamic range in the sub-THz frequencies (60-70 dB around 500 GHz) [183]. For above
500 GHz, pulsed THz-TDS offers better spectral resolution and dynamic range. The
electrical properties, such as conductivity, can be easily derived from the measured optical

constants at THz frequencies [8, 184].

As a complementary sub-THz measurements in this thesis, the MWCNT thin films [cf.
Appendix D.2], and an industrial based mono-layer graphene deposited over a fused quartz
substrate [cf. Appendix D.4] have been also characterized in the 220-325GHz (WR3.4) and
325-500GHz (WR2.2) using a broadband frequency-domain technique by a VNA setup. The
measurements are carried out in free space. Thanks to the VNA, all the scattering
parameters are measured simultaneously, from which the effective material parameters
are extracted using the Nicholson-Ross-Weir (NRW) method. The full details to extract the

electrical conductivity of the thin films are studied in the recent reports in Refs. [45, 46].

In the same approach as TDS, the first is to obtain the refractive index of the reference
quartz for both non-covered and covered samples that has a refractive index ~ 1.95. The
extinction coefficient or imaginary part of complex refractive index of the substrate is
nearly zero in the frequency range of 325-500 GHz [cf. Fig. 5.5]. In CW results, the
measurements are not averaged as curves fluctuations are due to FP residual effects, which
cannot be suppressed with averaging. The parameters of the thin film have been extracted.
The refractive index, absorption coefficient and conductivity are calculated from the

obtained permittivity.
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Figure5.5: The complex refractive index of fused quartz as a function of frequency for both (i) THz
TDS (ii) CW-VNA methods.

In order to obtain the parameters of the thin film alone [185], the effect of substrate have
been eliminated and extracted the complex refractive index of the thin films. Figs. 5.6 (a)
and (b) present the refractive index and conductivity of the MWCNT thin film samples
respectively. It can be seen from the figures that the optical and electrical values of
reference substrate and MWCNT thin films [cf. Fig. 5.6] obtained using NRW method are
close to the ones achieved by THz-TDS. Differences between both could be due to residual

oscillations in the VNA data and possible misalignments of the sample.
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Figure 5.6: (a) The refractive index and (b) the conductivity of MWCNT1 and MWCNT?2 extracted using
the NRW method (markers) and the THz-TDS (lines). The refractive index of quartz substrate
extracted using NRW method is given inset of (a).

The thickness of a single layer of graphene is very small compared to the thickness of the
substrate which has a lower attenuation at sub-THz frequencies. Because of this, in TDS
analysis, the multiple-reflections happening inside the MG sample are taken into account.
The values of conductivity in TDS measurement are sensitive to the thickness difference
between the MG and reference substrate. CW-VNA method offers a higher spectral
resolution and a good dynamic range. The obtained results using TDS analysis and NRW
method are consistent with respect to each other. Fig. 5.7 (a) shows the frequency-
dependent refractive index obtained for MG sample. The high absorption of
electromagnetic wave passing through the sample, shown in Fig. 5.7 (b), is in turn
proportional to the carrier density of MG. Fig. 5.7 (c) shows the conductivity obtained for
the MG sample using THz-TDS and CW- VNA techniques.
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Figure 5.7: The obtained (a) real refractive index, (b) power absorption and (c) electrical conductivity
of MG using the THz-TDS and the CW NRW techniques.
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5.4 Conclusions

In this chapter a set of the THz-TDS results of the electrical and optical frequency-
dependent properties of the CNT and the graphene thin films have been presented. The
experimental scheme designed for this procedure, described in Chapter 2, has involved at
AC level with a broad frequency range of 0.2-2 THz. The scheme has incorporated parallel
collimated THz setups in Chapter 4, under a similar experimental procedure, a reference
substrate was used as a reference, allowing a comparative analysis of all the results

obtained by applying the differential method in Appendix B.

These experimental analyses have been motivated by the success of the measured
transmission and reflection spectra presented in Chapters 3 and 4. Preliminary results of
the SWCNT and MWCNT thin films have been performed using the THz-TDS differential
transmission technique and the reference substrate measurement in Chapter 2. Agreement
is observed between both measurement results and the theoretical Drude and non-Drude

curves.

The conductivity is higher in the SWCNTs compared to the MWCNT ones due to the
increased number of free-electron density, regions of graphitic order and higher mobile
carriers with high filling factor. From the theoretical models, the optical density peaks and
the THz conductivity peaks have been observed at 3 THz for the CNT samples. The
graphene electrical conductivities have been well described by Drude and non-Drude
models. The backward scattering occurring in the free electron movement may be

explained by the structural disorder of the graphene film Drude-Smith response

Using THz-TDS measurement, the surface boundary condition has been considered of the
CNT/graphene thin samples between transparent fused quartz substrate and air to
precisely achieve the complex refractive index and the AC electrical conductivity of single-
layer graphene. These results have been compared with achieved results from CW-VNA
free space measurements using NRW considering the advantages of using a good dynamic

range in sub-THz frequencies (60-70 dB around 500 GHz).
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Chapter 6: DC Conductivity and Carrier
Responses of Graphene Nanostructures

from THz Characterization

6.1 Introduction

Because of the dielectric properties of substrate and the Fabry-Perot effect within thin
films, measuring the electrical and optical properties of films deposited over substrate at
AC and DC level are more challengeable in comparison to bulk one using noncontact THz-
TDS. There is difficulty in deposition and integration of fragile CNT and graphene samples
to the optoelectronic devices may prevent a multiple measurement procedure and/or
subsequent use of the tested devices. Chapter 6 is motivated by the success of the optical

and the electrical analysis presented in Chapter 5.

To find the electrical and optical properties of the graphene-like thin films, this chapter
deals with the extract frequency-dependent data from the conductance films coated on the
thick substrate from the transmission and reflection THz-TDS measurements by
demonstrating an equivalent circuit. This will enable presenting the Fresnel equations

considering the sheet conductivity as well as the complex refractive index of samples.

As explained in Chapter 4, the samples taken under this study have the stack structure,
which the CNT or graphene thin films are on top of the bar substrate, then they can be
applied to the optoelectronic applications. For the graphene samples, a modification of
Drude model was explained in details in Chapter 3. It expressed the back scattering time
due to collision influences because of impurity and large scale of CVD grown in fabrication

process. In addition, the semiconductor and metallic CNTs' physical structure made from
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graphene layer(s) can be provided to study the electrical conductivity responses of such

thin films from the effective medium theory and hybrid Drude-Lorentz models.

Measuring the DC conductivity of very thin and fragile graphene-like films is rather difficult
because of the electrical contact issue. This Chapter will deal that the comparative Drude
and non-Drude theoretical models from the transmission and reflection THz-TDS
measurements will highlight one of the major advantages of using THz conductivity model
not only to extract the DC conductivity but also to study the high carrier mobility responses
of samples without using any contact element or post-process pattering. These
achievements will be validated and discussed with the recent state-of-the-art contact
measurement results in order to be applied for the new optoelectronic devices to operate

at the sub-THz and THz frequencies.

6.2 DC Conductivity of Graphene-Like Samples [42, 50, 53]

In Appendix B, the differential THz-TDS method was applied to analysis and study the
absorption and dispersion properties of the MWCNT thin films (with thicknesses on the
order of nm) without using the complex iteration for extracting THz transmission data. The
complex refractive index was derived to find the real part and extinction coefficient which
give us the precise dispersion and absorption of MWCNT thin films. However, the THz-TDS
set up do not offer enough SNR to determine the precise conductivity at low frequencies
(typically below 200 GHz), because the efficiency of their dipole-like THz antennae

vanishes when reaching the DC regime.

This is obvious that by decreasing the time windowing in Fourier analysis the THz spectra
will be smoother. But, the significant data and information are missed in the THz signals by
reducing the time window especially once the edge of time window is close to the THz
temporal signals. Furthermore, there are inconsistent values of the THz signal in the low
frequencies. Those ripples are because of the sampling time which is very small and not
enough to recover the equivalent low frequencies below 0.2 THz. This thesis studied two
approaches to derive the DC conductivity for such high conductance samples: i)
extrapolation using polynomial function, and ii) Drude/non-Drude responses using plasma

frequency and collision time.
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6.2.1 DC Extraction Using Extrapolation Functions

In this experiment, two uniform MWCNT thin films with homogenous surface and
thicknesses of 193 nm (MWCNT1) and 162 nm (MWCNT2) have been studied [cf. Appendix
D.2]. Figs. 6.1 (a) and (b) show the THz signals before and after using the extrapolation
approach by fitting a polynomial function in the frequency domain to find more precise and
smooth information at lower THz frequencies. The rest ripple effect at higher frequencies
can be cause of noise in system and the absorption lines of atmospheric water vapour (e.g.,

around 1.7 THz).

From the relation between the complex permittivity function and the complex refractive
. X - ~2 72 L N
index € =¢&, t1&, =n; =(n+ik)", the real part of refractive index and excitation

coefficient (or imaginary part of refractive index) can be extracted. The real part of
frequency-dependent refractive index of two MWCNT thin films is presented in Fig. 6.2 (a).
Furthermore, the power absorption coefficient («) of MWCNT thin films as a function of
frequency can be expressed in terms of the extinction coefficient (k), & =2kw/ ¢ [cf. Fig.
6.2 (b)]. As mentioned in Chapter 5, the refractive index decreases with increasing
frequency in the THz regime. While the power absorption coefficients significantly increase

at the higher frequencies.
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Figure 6.1: The THz spectrum of free space, the references substrate, and the MWCNT samples in
time-window of 35ps (a) before and (b) after the extrapolation of data at the low frequencies using a
polynomial function.
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Figure 6.2: The frequency-dependent refractive index (a) and power absorption (b) of the MWCNT thin films
with thicknesses of 162 nm and 193 nm considering a time-window of 35ps.

By taking into account that the refractive index of air n1 and the complex permittivity (or
dielectric constant) function which is equal to the complex refractive index square, the
electrical conductivity as a function of frequency for the MWCNT thin films in the frequency
range of 0-2.5 THz are illustrated in Fig. 6.3. Since there were the inconsistence values of
electrical conductivity at low frequency, the extrapolation with polynomial functions have
been applied to find the DC conductivity and compare them with the classical electrical
conductivity measurement using the four-point probe method [186] with a current source

(Keithley 6221) and a nanovoltmeter (Keithely 2182A). The average DC conductivities for
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MWCNT1 and MWCNT?2 have been demonstrated in Table 6.1 are 70.6 S/cm and 66.6 S/cm,
respectively. The achieved conductivity using the extrapolation technique in the THz -TDS
analysis at zero frequency respectively are about 74 S/cm and 37 S/cm for both MWCNT1
and MWCNT2.
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Figure 6.3: The frequency-dependent THz conductivity of the MWCNT thin films with thicknesses of
162 nm (MWCNT1) and 193nm (MWCNT?2).

Table 6.1: The electrical conductivity of MWCNT1 and MWCNT2 measured by the four-point probe
and the noncontact THz-TDS Extrapolation Methods.

Sample Four-point probe method Noncontact THz-TDS
(S/cm) Extrapolation Method (S/cm)
MWCNT1 70.6 74
MWCNT2 66.6 37

6.2.2 DC Extraction from Plasma Frequency and collision time

To get close results with the probe-in line DC measurement, this work have presented
more precise DC results using free contact THz-TDS method, by having accurate details of
samples (e.g., geometry) and also physical understanding of the MWCNT and the MG
properties from the Drude and non-Dude models studied in Chapters 3 and 5. This allows

obtaining much accurate results of 74 S/cm and 37 S/cm for MWCNT1 and MWCNT?2.
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The high level of electrical properties inside the samples can be ascribed to relevant of the
carrier density. Furthermore, the damping rate is proportional to the free-electron density.
Then the higher damping rate indicates the large numbers of the electrons are available in
a bonded regime. The high density of free-electron gives the possibility to make highly
conductive nano-composite films. These electrical parameters can be extrapolated from the
conductivity by fitting the spectra over the whole THz range, which minimizes the effect of
noise or of discrepancies at some given frequencies. The DC conductivity of the films is

simply deduced from the permittivity constant at frequency w = 0, using the fitted plasma
frequency and collision time (o, Za)irso)in the Drude, DL and DS models studied in

Chapter 5. The so-obtained values are given in the third column of Table 6.2.

To validate our method, the DC electrical conductivity of the presented MWCNT and MG [cf.
Appendices D.2 and D.3] films was measured with a classical 4-probe technique [20], using
a Keithley 6221 current source and a Keithley 2182A nanovoltmeter. Even though the 4-
probe technique is always difficult to implement when dealing with thin films (the probes
may mechanically damage the film at the contact location), the measured DC conductivity
[column 2 of Table 6.2] is very close to the average values deduced from THz-TDS
measurements and conductivity models [column 3 of Table 6.2]. There is only one
disagreement related to sample MG2. It could arise from the not perfect fit of the
conductivity curve at lower frequency [cf. Fig. 5.4], and especially of the imaginary part of

the conductivity, which is too small to be determined with a great precision.

Table 6.2: The DC conductivity values obtained using 4-probe technique and determined from THz
Drude models.

Sample 4-probe Conductivity (S/cm) THz-Drude Conductivity (S/cm)
MWCNT1 70.6 70.7
MWCNT2 66.6 66.7

MG1 3.46x104 3.5x10%

MG2 6.96x103 2.1x104
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The investigation in this thesis shows that the difference between the extrapolated DC
conductivity from the noncontact THz measurements and the ones from contact
measurement can be attributed to 1) the environmental effects as the residual impurity
charges can simply be influenced by the ambient conditions such as temperature and
humanity [17, 187], 2) the slight variation in thickness of graphene layers deposited on
bare [42, 43], 3) difficultly to implement of probe contact measurement when it deals with
thin films where the probes may mechanically damage the film at the contact location [42,
43], 4) micrometer-scale using contact probes conductance measurement in DC compared

to noncontact AC nanoscopic transport probed by THz conductivity measurement [188].

6.3 Fresnel Equations to Extract Direct Conductivity of Nanometrics

Graphene-like Samples [43]

Incident of THz waves with a bilayer optic system, consisting of a thin film deposited on a
substrate, cause multi reflections and transmissions because of inequality refractive index
at interfaces of layers, so-called Fabry-Perot (FP) behavior. In case of high conductance thin
film deposited over on the substrate, the Maxwell EM boundary conditions have been
applied at this interface (air and substrate layers). To simplify this complex behavior in
main reflection and transmission fields, an equivalent transmission line circuit has been
developed in this thesis [cf. Fig. 6.4]. In this case, the THz E-fields transmitted and reflected

from the high conductance thin film can be describe by the characteristic impedance.

PLLTLEEE TP PP T PP T TTTPPPPPPP PR .E Z
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L[z, =3770)0 o~

Figure [6.4: The wave reflected from surface of the thin film can be proposed in an equivalent circuit
with the impedances for air (Zy), film (Z;) and substrate (Z).
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In such a circuit, each layer of sample x has equivalent impedance Z, =Z,/n,, where the

free space impedance is Zp~377 (2. The medium x has a complex refractive indexn_=n,_+ik,

which is equal to the square root of complex permittivity of medium ,/é?x . X is the air and

the substrate. Since the thickness of conducting layer film is much smaller than the skin
depth of the incident THz wave, the current density can be uniform throughout the
material corresponding to a surface current. Then the impedance of highly conductance

thin film can be rewritten z, ~ £/J~1/5,[156], where E is the incident electrical field and J
is the surface current in thin film with the sheet conductivity of & ,. By knowing that in the

equivalent circuit the time dependent field gets partially transmitted and reflected, we can
write the transmission and reflection coefficients of surface of conductance film at the
A4 7 )

interface  between  the source Z, and the load (£ =
Z+Z;,

! Fitm (a)’ON-f)ZZ/(nl+n2+ZOO-f) and ”Fﬂm(a’»5f)=(”1—”2—Zo5f)/(”1+n2+zo5f) )

respectively. The complex transmission and reflection of sample (film/substrate), whose

amplitude and phase are respectively p and ¢, writes:

4
Trip = pre 7 =—= z[1+ZO L j > (6.1)
" ES,T 1+ n
. 1—ZOIUR
~ _ F,R _nS
Ry = pre ™ = 7. 5. (6.2)
SR 147, —R
1+ n

The real and imaginary parts of the sheet conductivity can be easily obtained from (6.1):

o, =1+_ns[m_1], (©.3)
Zy Pr
1+n, sin
Gj,T — s @T . (|'64)
Zy  pr

As in the transmission case, the film conductivity is deduced from the measured coefficient
(6.2):



112 DC Conductivity and Carrier Responses of Graphene Nanostructures from THz

Characterization

- :Ll+ns—2nspRcos¢JR—(l—nS)pRz ©.5)
Rz 14n, l-n, 5~ '
0 +2pg cosgp + PR
I l+ns
__2 PR SIn @p 6
iR = Z, 1+, l-n, 5’ (6.6)
T +2ppcosgy + Pr
I-n I+n

A A

6.3.1 Electrical conductivity and Optical properties

In this study, the electrical conductivity of three graphene-like samples is extracted from

both reflection and transmission THz-TDS measurements:

i) 1D carbon nanostructure: The MWCNTs film was transferred onto fused quartz
substrates. The MWCNT Films is of thickness 193 nm. The thickness of the fused quartz

substrate is 2.15mm [cf. Appendix D.2].

ii) 2D carbon nanostructure: the mono-layer pristine graphene (GRP) was grown CVD
transferred onto the fused quartz substrate with thickness of 0.5 mm substrate is 2.15mm

[cf. Appendix D.5].

iii) Hybrid 2D graphene and 1D nano wires: The silver nanowire-graphene hybrid
(AgNW-GRP) films were deposited over fused-quartz with thickness of 0.5mm using CVD
process. The thickness of the AgNW-GRP hybrid films was measured by atomic force
microscopy (AFM), and the average value was used to calculate the conductivity [cf.

Appendix D.5].

By inserting the achieved refractive index of substrate in the prior sections, the
conductivity values from the transmission and reflection modes have been extracted using
equations (6.3)-(6.6). The conductivity function can provide a direct evaluation of the
metallic behavior in these thin films. For example in case of GRP sample, the real and
imaginary values of conductivity can be extracted [cf. Fig. 6.5]. The experimental data are
well fitted with the DS model, in which cm = 0, i.e. the conductivity behaves as a Drude-like
one. As the corresponding plasma frequency (f, = 583 THz) lies in the visible range, both

real and imaginary parts of the THz sheet conductivity of GPR are almost constant.



6.3 Fresnel Equations to Extract Direct Conductivity of Nanometrics Graphene-like Samples [43] 113

Even if noisier as expected because of the weaker sensitivity of extraction from reflection
THz-TDS data, the obtained values from both transmission and reflection records are in
good agreement at high frequencies, validating the values obtained in transmission and

thus the right substrate thickness value need to input in the calculation.
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Figure 6.5: The real and imaginary parts of the sheet conductivity of GRP films versus frequency as
determined from the THz-TDS measurements (doted and dashed) and fitting curves (lines).

Consequently, the refractive index and power absorption of these films can be derived from
the complex surface conductivity. Figs. 6.6-8 present the refractive index, the power
absorption, and the sheet conductivity of thin MWCNT, GRP and AgNW-GRP films using
THz-TDS reflection and transmission measurements in the frequency range of (0.2-1.6THz).
The THz conductivity of the MWCNT and the AgNW-GRP thin films monotonically increases
with increasing frequency. However, it is almost constant for the GRP. The power
absorption increases with increasing frequency for all samples where the GRP shows much
higher absorbance compared to others. The frequency response curves for both refractive
index and absorption are those of a metallic layer with a plasma frequency at different THz

frequencies.
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Figure [6.6: The frequency-dependent (a) refractive index, (b) power absorption, and (c) sheet
conductivity of MWCNT sample from the transmission and reflection measurements (dots) which are
in a good agreement with the theoretical Drude-Lorentz (DL) model (lines).
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Figure 6.7: The frequency-dependent (a) refractive index, (b) power absorption, and (c) sheet
conductivity of GRP sample from the transmission and reflection measurements (dots) which are in a
good agreement with the theoretical Drude model (lines).
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Figure 6.8: The frequency-dependent (a) refractive index, (b) power absorption, and (c) sheet
conductivity of AgNW-GRP sample from the transmission and reflection measurements (dots) which
are in a good agreement with the theoretical Drude-Smith (DS) model (lines).

The conductivity in the AgNW-GRP is more complex than in the GRP. In this thesis, two
different AgNW-GRP films have been effectively tested. The conductivity in such hybrid
films is strongly dependent on polarization and on the different orientations of the
nanowires inside the films [189]. The THz conductivity is dominated by the contribution of
the micro-structured nanowires oriented along the THz electric field. Indeed, the lengths of
the wires are comparable to the THz wavelength and thus the wires can be resonantly
excited by the incoming THz field. On the other hand, due to their nanometer-scale
diameter, the wires are insensitive to a THz E-field perpendicular to them. Figs. 6.9 (a) and

(c) depict the real part of conductivity as functions of frequency and thickness of thin films.

It should be noted that the thickness of the film is not constant and exhibits peaks at given

locations, due to the nanowires. Thus, Figs. 6.9 (a) and (c) are plotted versus the average
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value of the film thickness. These experimental plots show a capacitive behavior due to
electron scattering effects in the junctions of AgNW networks. The complex sheet
conductivity of the films, deduced from Figs. 6.9 (a) and (c), is given in Figs. 6.9 (b) and (d).
As the imaginary part of THz sheet conductivity decreases while increasing frequency, the

conductivity model cannot be explained by a simple Drude response, but it is well fitted by
the DS model.

i R T i
—~ 10007 (@) e .;_AIQN_V*-_’—:G_RP U (b) AgNW-GRP () =
> 1 il Y R o
@ 800 ‘J é
=2
g =0 ._Imaginary {o *g
g 400 - w 'g
i ——0s 29
8 | 11111 Measurement (Transmission) _5:3
o N e N T i T T — — Measurement (Reflection) v
2 MG i 6 05 _ 1 15 2
) 1 80 (\fm ' .
Frequency (THz) 0.5 \f\é‘qu Frequency (THz)
4
(d) AgNW-GRP (I}
Ket \

Real Ga 7
FL - L f" ‘{I \'2

\ R

Sheet Conductivity (mS/0)

=3
2
|
N

0.5 1 15 >

15 S
05 60 ot
neld Frequency (THz)

i
Frequency (myy)

Figure [6.9: (a) and (c) The real conductivity of AgNW-GRP hybrid films as function of frequency and
thickness determined from the transmission THz-TDS. (b) and (d) The real and imaginary parts of the
sheet conductivity of AgNW-GRP hybrid films versus frequency. Dotted lines: transmission data;
dashed lines: reflection data (marker lines); continuous lines: fitted curves calculated with the
average film thickness.
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6.3.2 DC and Peak of Electrical conductivity

Table 6.3 gives the parameters of the fits (plasma frequency f,, scattering time 7 and cn
coefficient) for the GRP and the two AgNW-GRP hybrid films. The scattering time 7 is
comparable to the one of noble metals and the plasma frequency is much higher than the
exciting THz frequency. In the thinner film AgNW-GRP (I), the scattering time is slightly
shorter than in the thicker AgNW-GRP (1I), resulting in a larger sheet resistance. This could
be due to a difference of filling fractions of AgNWs or/and to the contribution of scattering
at the film surfaces. c; is close to -1 in AgNW-GRP, which means that most of the electrons
are backscattered during a collision. These collisions certainly occur at the surface of the
nanowires as the carrier mean-free path is of the order of the nanowires diameter [139].
The quite small sheet conductivity in the AgNW films, as compared to the AgNW-GRP, is

due to a smaller charge carrier density in AgNW films.

To validate the results, the sheet resistance p (=1/doqc) of the hybrid films was measured
with a classical 4-point-probe technique, using a Keithley 6221 current source and a
Keithley 2182A nanovoltmeter. Even though the 4-point probe technique is always difficult
to implement when dealing with thin films (the probes may mechanically damage the film
at the contact location), the measured p (column 5 of Table 6.3) is very close to the average

values deduced from THz-TDS conductivity models (column 6 of Table 6.3).

Table 6.3: The THz fitting parameters used in the DS model (fp: plasma frequency, t: scattering time,
p: sheet resistance). The sheet resistance measured using 4-point probe contact method is also
provided for comparison.

Sample fo T C1 4-probe DS Model
(THz)  (fs) p (2/0) p(2/0)
GRP 583 26 0 (Drude) 1055 944
AgNW-GRP (I) 232 16 -0.92 56 56
AgNW -GRP (II) 294 14 -0.87 75 65

As the conductivity DS model is validated by comparison with experimental data in the THz
range, the optical sheet conductivity of the AgNW-GRP hybrid films have been computed up

to the UV domain, i.e. from 0.1 to 103 THz. A clear maximum of conductivity appears in
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between 9 and 11 THz [cf. Fig. 6.10] which is in the same range as silicon nanoparticles film

[147, 155], and 2-3 times higher than GaAs and ITO thin films [147, 190]. The peak

originates in the resonant behavior of the Drude and DS models, through the term (1-iwz).

The peak conductivity is about 20 times larger than for GRP at 10 THz. Even around 1 THz,

i.e. in the non-resonant regime, the sheet conductivity of the AgNW-GRP films (60-70 /o)

is comparable with the one of ITO (~80 (1/0), making these films a good flexible conductive

material for replacing indium tin oxide in many electronic applications.
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Figure [6.10: The sheet conductivity of GRP and AgNW-GRP hybrid films versus frequency calculated
using the Drude and Drude Smith models. The sheet conductivity is normalized by the fine-structure
constant (meZ/2h). Inset shows the calculated THz transmission of the samples as a function of the
normalized sheet conductivity.
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6.4 High Mobility and Dynamic Carrier Characterization of Graphene-
Like Samples [44]

In this study, multiple numbers of transmission and reflection measurements for different
samples have been performed in order to find a good consistency of the experimental and
theoretical results. From now on, this chapter follows the carrier dynamic response of
different prior CNT (under the assumption of effective and homogeneous medium in DL
model) and graphene (Drude and DS responses) samples by accessing to the obtained THz

conductivity results in the present and previous chapters:
- SWCNT (1.09 um) and MWCNT (1.2 pm)-details explained in Appendix D.1.
- MWCNT1 (162 nm) and MWCNT2 (193 nm)-details in Appendix D.2.

- MG1 (mono-layer graphenel) and MG2 (mono-layer graphene 2)-details explained
in Appendix D.3.

- GRP (mono-layer pristine graphene) and AgNW-GRP (silver nanowire-graphene
hybrid)-details explained in Appendix D.5.

6.4.1 Mobility and Dynamic Carrier Responses

The average effective electron mass and electron carrier consideration of graphene-like
samples are located between semiconductors and perfect metals with higher plasma

frequency compared to semiconductor ( f, ~0.5THz for n-doped silicon)[144] and lower

compared to metals ( /, & 2000 THz for Au)[147] [cf. column 5 of Table 6.4] . This collision

time is on the order of magnitude for semimetals at room temperature [cf. column 6 of

Table 6.4].
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Table [6.4: The extracted o: surface conductivity, fp: Plasma frequency and t: scattering or collision
time response of 1D and 2D graphene-like samples (d is the thickness of films).

Film Appendix d c fp T
(nm) (S/o0) (THz) | (fs)

SWCNT D.1 1090 5.5E-03 30 16
MWCNT D.1 1200 4.2E-03 22 20
MWCNT1 D.2 162 1E-03 45 12
MWCNT2 D.2 193 4.1E-03 55 10
MG1 D.3 ~0.34 1.3E-03 571 34
MG2 D.3 ~0.34 1.5E-03 492 53
GRP D.5 ~0.34 1E-03 538 26
AgNW GRP1 D.5 59 1.8E-02 232 16
AgNW GRP2 D.5 38 1.6E-02 294 14

Near the Dirac point, the group velocity V t for carrier in metallic graphene-like materials

is around 0.85~1.1x10%m /s [29]. This yields to find the mean free path as:

L= Vit 6.7)

This value is on the order of 25-55 nm for the 1D nanostructure graphene samples and 10-
20 nm for the 2D ones [cf. column 2 of Table 6.5]. The difference value of mean free path for
the mono-layer graphene samples can be explained by residual impurity charges in the
fabrication process. Here, we assume that the electron and hole mobilities are of the same
order of magnitude with complete ionization. Under the statement that carrier transport is
dominated by long-range charged impurity scattering, the carrier density of samples

related to the achieved sheet conductivity and scattering time can be derived by:

n=oc, nh’ /(rezvf ) , (6.8)

being e the electronic charge. The results are presented in column 3 of Table 6.5.
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Table 6.5: The extracted L: time mean free path, and n: carrier density responses of 1D and 2D
graphene-like samples.

Film L n
(nm) (cm-2)x1012

SWCNT 16 6.2E+02
MWCNT 20 2.3E+02
MWCNT1 12 4.8E+01
MWCNT2 10 9.9E+01
MG1 34 7.8E+00
MG2 53 4.4E+00
GRP 26 8.6E+00
AgNW GRP1 16 6.5E+03
AgNW GRP2 14 7E+03

The latest results using the THz Drude model shows that the conductivity of graphene is

constant and is temperature-dependent at a low carrier density. However, it has a

nonlinear relation with the total carrier density ( o o «/; ) at high carrier concentrations
where the Fermi level energy is not near the charge neutrality point [17]. The relationship
between carrier mobility and carrier density can be derived from the scattering time

within the regime of long-range scattering as:
U=evt /N (6.9)

As a general trend, for the graphene and CNT samples like other conventional
semiconductors, the mobility is inseparably connected to the band gap and carrier density.
It increases with decreasing band gap and/or carrier density. The carrier mobility in
column 2 of Table 6.6 is comparable with GaAs 2D electron gas and 10-500 times higher
than silicon based devices at room temperature [191]. As studied in the Drude and non-
Drude responses in steady-state condition, the electron effective mass is proportional to

the inverse of mobility. So, it is calculated from:

m = et/ u. (6.10)
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The demonstrated results in column 3 of Table 6.6 can be verified with the reported
contact measurements [29, 192]. The carrier density near the Dirac point is related to the

quantum capacitance. It is calculated by:

Cp =~ (Jn+ng2e*)/ (v ). (6.11)

This value is symmetric with respect to the Dirac point. The presented quantum

capacitance of all samples in column 4 of Table 6.6 is calculated when n, =0 (potential is
equal to zero, thus C,is limited only to 77 ). The results for MG1, MG2 and GRP are in very

good agreement with the contact quantum capacitance measurement for the graphene

sample [193]. Moreover, the Ag NWs in hybrid AgNW-GRP films increases C, up to
200pF/cm?.

Table 6.6: The extracted p: carrier mobility, m*/my: electron effective mass, and Cq: quantum
capacitance responses of 1D and 2D graphene-like samples.

i n . Co
Film | emzgvs) | ™™ | (uE/ em?)
SWCNT 55 5.1E-01 69
MWCNT 112 3.1E-01 42
MWCNT1 124 1.4E-01 19
MWCNT2 86 2E-01 27
MG1 1033 5.8E-02 8
MG2 2169 4.3E-02 6
GRP 758 6E-02 8
AgNW GRP1 17 1.7E+00 237
AgNW GRP2 14 1.7E+00 230

The energy in the Fermi level can be derived from carrier density £, =v hixNnz , where the

carrier density nonlinearity increases with an increase of the external potential, for
example the gate voltage in a graphene field-effect transistor. As it was expected, the Ef of
AgNW GRP is much higher than other sample and shows a metallic behavior in a further
Fermi velocity of 1.4x 106[139]. The Ef for MG1, MG2 and GRP is in the range of 300-400

meV which is in a good agreement with the CVD graphene measured by the Hall-effect
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method [194]. THz conductance gives a nanoscale characteristic length in contrast to micro-

scale contact probe measurements of carrier transport by:
L. =(D,/w)">. (6.12)

This length is 1-2 times is shorter for CNT and AgNW GRP samples compared to the
graphene films (as electrically continuous sheets) [188]. It may be because of
inhomogeneous and discrete surfaces of the films for randomly and horizontally
distributed wires and tubes. The reflected spatial nanometrics THz conductance
measurement is under the hypothesis of diffusive coefficient [cf. column 2 of Table 6.7]

with time ¢, = L. / D, (~sub-ps) in transport regime, which is expressed by:
D.=E;ul2e. (6.13)

The characteristic length scale around 1 THz and 0.2 THz are demonstrated in columns 3
and 4 of Table 6.7. This length can be considered as the distance which a charge carrier
travels within one-half time of an oscillating electric field. This will consequently change

the conductivity response at different frequencies corresponding to a probing length.

Table 6.7: The extracted D.: diffusive coefficient, and L.: characteristic length around 0.2 and 1 THz of
1D and 2D graphene-like samples.

Film D Lc (nm) Lc (nm)

(cm2/s) at 0.2 THz at1 THz
SWCNT 80 78 35
MWCNT 105 90 41
MWCNT1 60 67 31
MWCNT2 50 62 28
MG1 170 113 51
MG2 265 142 64
GRP 130 99 45
AgNW GRP1 90 83 38
AgNW GRP2 70 73 33




[6.4 High Mobility and Dynamic Carrier Characterization of Graphene-Like Samples [44] 125

6.4.2 Graphene-Like Sample THz Characterization for the new Optoelectronics

Fig. 6.11 extends the characteristic length in the frequency range of up to 100 THz of all
samples taken in this study. It maps the theoretical and contact experimental projected
intrinsic Sub-THz and THz cut-off frequency of the graphene and CNTs based device in the
previous reports (such as transistors and photodetectors) with different channel lengths.
Table 6.8 shows instances of Fig. 6.11 for the 1D and 2D graphene-like films applied to the
devices in comparison with noncontact THz-TDS measurement to predict the cut-off
frequencies of the sample before fabricating whole devices. The cut-off frequency of
devices designed from the graphene and CNTs films increase as the characteristic length of
the channel decreases. In a wider perspective, there is a dependency between diffusion
coefficient time in the samples and the cut-off THz frequency which increases with
decreasing the channel length. For clarity, it can be noted that the fabrication process,
deposition, the level of impurity in graphene, the gate and substrate materials are the main
reasons for the different cut-off frequencies for the same length of channel. The application
of this study proves that there is a direct relation between the nanometric characteristic

length and channel length for graphene-based devices in sub-THz and THz ranges.
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Figure 6.11: The achieved frequency for different characteristic lengths in this study for graphene-
like samples (lines) in comparison with the projected cut-off frequencies for different graphene and
CNT channel lengths in previous studies (dots: Liao and Bai et al. [195], Liao and Lin et al.[116], Wu et
al. [196], Xia et al. [197], Steiner et al. [198], Zheng et al.[199], Lin ea al. [115], and Nougaret et

al.[200]).

Table 6.8: The detailed examples of prediction for the cut-off frequencies of 1D and 2D graphene-like
optoelectronic devices in Fig. 6.11 that can be obtained by deriving the characteristic length of
noncontact transmission/reflection THz-TDS measurements without requirement for post process

pattering.
Noncontact transmission/reflection Contact measurements in optoelectronic
THz-TDS measurements devices
Graphene- Sub-THz/THz Frequency Channel length Cut-off Ref.
Like Films Characteristic length (THz) (nm) Frequency
(nm) (THz)
1D 99 0.16 100 0.15 [198]
212~265 0.06 250 0.08 [200]
55 1.35 55 1.4
2D 66 0.96 67 1 [195]
48 1.21 50 1.2
49 0.9 50 1 [199]
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6.5 Conclusions

This chapter has dealt that the comparative Drude and non-Drude theoretical models from
the transmission and reflection THz-TDS measurements give one of the major advantages
of using THz conductivity model not only to extract the DC conductivity but also to study
the high carrier mobility responses of samples without using any contact element or post-
process pattering. These achievements have been validated and discussed with the recent
state-of-the-art contact measurement results in order to be applied for the new

optoelectronic devices to operate at the sub-THz and THz frequencies.

The difference between the extrapolated DC conductivity from the noncontact THz
measurements and the ones from contact measurement was because of ambient conditions
such as temperature, variation in thickness of graphene layers, implementation of probe
contact measurement, and micrometer-scale using contact probes conductance
measurement in DC compared to noncontact transport probed by THz conductivity

measurement.

The noncontact THz-TDS has presented a directly conductivity-dependent observation of
the ultrafast dynamic responses (i.e., carrier density and high mobility) for the graphene-
like samples without requirement for post process patterning. The THz characteristic
length observed from diffusion time of carbon nanotube and graphene samples have
revealed. This provides an advance study required to develop new optoelectronic devices
to generate and detect THz frequencies. The results have showed that this frequency
increases with the reduced length, as the length scales down to a few nm and reaches a few

tens of THz.
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Chapter 7: Conclusions

THz electromagnetic waves certainly push the border in science and technology (sensing,
imagery, telecoms...) to higher performance. Thus high technology devices and systems are
more and more compulsory. The THz-TDS is known for years to be a precise tool for
noncontact characterization of samples like semiconductors/semimetals. The THz-TDS
delivers the magnitude and phase of the THz waves transmitted or reflected by the samples,
the complex permittivity of the sample material is obtained from THz-TDS data. In the case
of conductive materials, the THz conductivity can be calculated from the complex

permittivity.

The new optoelectronic devices request new materials and techniques, among which
graphene and CNTs are promising due to their unique optical and electrical conductivity
behavior. This study was a contribution to the effort of the new graphene and CNT devices
characterization. Difficulty in deposition and integration of such fragile samples to the
optoelectronic devices may prevent a multiple measurement procedure and/or subsequent

use of the tested devices.

The new work in this study has presented that carriers transport, scattering and density
characterization at and near the Dirac point, related to the quantum capacitance of the
graphene-like materials, with Fermi level of 0.2~0.4 eV at room temperature, can be
characterized by low photon energies of THz wavelengths (4.2 meV at 1 THz). By taking
the advantages of coherency, large dynamic and simultaneously measuring of magnitude
and phase of the noncontact THz-TDS, this thesis has used the transmission and reflection
measurements to extract the frequency-dependent electrical and optical properties of high
conductance graphene nanostructure samples deposited on top of the substrates in the

frequency range of 0.1-2 THz.
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The DC conductivity could not be directly determined, as the available THz power
decreases sharply and falls below the noise level at lower frequencies. Also, the results
showed that the electrical and optical frequency-dependent parameters were rather noisy
due to thickness of thin films compared to the thick substrates and also the limited
sensitivity of the THz-TDS set-up over 1.5 THz. Because of a great interest which relies a
wide range of electronic device applications and minimum effect of water line absorptions
in the frequency range of 225-500 GHz, the results have been compared to the frequency
range of by CW technique, taking the advantages of characterization using a VNA with the
high spectral resolution and good dynamic range in the mid-frequency range (60-70 dB
around 500 GHz). The results showed a good agreement between the THz-TDS and THz CW
data.

As a new work and for the first time, this thesis also has extended this spectra range at low
and higher frequencies to study the key electrical and optical parameters of the graphene-
like and CNT thin films using theoretical Drude and non-Drude conductivity models. These
results were validated with the experimental measurements. This allows applying such
unique characterization for the new optoelectronic devices from zero-frequency (i.e., so-
achieved DC) upto several THz frequencies without using any contact tools in these
frangible samples. In the THz gap, the graphene conductivity is mainly determined by
intraband transitions. Therefore, the dependence of conductivity with Fermi level is high in
the THz ranges and reduces to zero for the visible range. The electrical conductivity of
graphene films with zero band-gap was almost three orders of magnitude at DC level, and

two orders of magnitude at THz frequencies, larger than the one of carbon nanotube films.

This extraction procedure was validated by the good agreement between the so-obtained
DC conductivity and the one measured with a classical four-point probe in-line contact
method. The difference between the extrapolated DC conductivity from the noncontact THz
measurements and the ones from contact measurement can be attributed to the ambient
conditions such as temperature, the slight variation in thickness of graphene layers,
difficultly to implement of probe contact measurement when it deals with thin films where

the probes may mechanically damage the film at the contact location, and micrometer-scale
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using contact probes conductance measurement in DC compared to noncontact AC

nanoscopic transport probed by THz conductivity measurement.

The results have shown that the CNT and graphene-like materials conductivity indeed
depends on the crystallinity of the graphitic layers and the number of surface defects. The
backward scattering occurring in the free electron movement may be explained by the
structural disorder of the graphene film Drude response. It has been shown that the
performance of integrating dielectrics of pristine graphene based devices can be reduced
because of defects into the carbon lattice in the THz characterization of graphene-like

materials.

The whole spectrum analysis gives us reliable information on the frequency-dependent
complex refractive index, absorption and conductivity of the samples. The conductivity of
the films was extracted from THz-TDS data using combined conductivity models in this
frequency range. The agreement between measured and fitted values has been
demonstrated in a good shape, even though the experimental values were slightly noisy for
below 0.1 THz and for above 1.5 THz. The another novelty of this thesis was a comparative
optical and electrical study of one-dimensional (1D) and two-dimensional (2D) graphene
nanostructures using Drude and non-Drude (Drude-Lorentz and Drude-Smith) models to
demonstrate the potential feature of broadband THz-TDS measurements to derive the AC
and DC electrical conductivity as well as to extract the optical parameters and ultrafast
mobility carrier transport parameters without the need for application of gating potentials

or magnetic fields.

The combination of noncontact THz-TDS measurement and Drude/non-Drude models in
this work not only extrapolated the DC values but also it presented a directly conductivity-
dependent observation of the ultrafast dynamic responses (i.e., carrier density and high
mobility) for the graphene-like samples without requirement for post process patterning.
The THz characteristic length observed from diffusion time of carbon nanotube and
graphene samples have revealed. This provides an advance study required to develop new
optoelectronic devices to generate and detect THz frequencies. The new results of this
study showed that this frequency increases with the reduced length, as the length scales

down to a few nm and reaches a few tens of THz.
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The achieved results in the presented work open up new lines of the THz spectroscopy
application as a noncontact tool for the nanometrics material study in various industries
such as fabrications of semiconductor devices. A noncontact THz-TDS is particularly
promising to map the complex nanoscopic conductance materials with different number of
layers. In a wider outlook, the application of this study can be extended to measure the
conductivity values of stack of graphene layers for various structures on the optoelectronic
devices. The THz-TDS reveals that electrical and carrier charge characterization of high
conductance materials can be applied to semiconductors or polymer-based devices without

need for post process patterning.

Another possible direction for our future research is to derive a more comprehensive
experimental and theoretical model for the optical conductivity (finite band-gap, electron-
electron interaction and excitations) of graphene and carbon based devices. It can be
focused on the extinction of conductivity models to the visible band, for example, to study
plasmon waves on the surface of graphene-like material. Using such features enable us to
explore the possibilities of other applications such as photodetectors and optical
modulators which highly depend on the understanding of both THz and visible frequency-

dependent conductivity.

Last but not least, the future research line of graphene and CNT materials can be applied to
the contrast agents in the biomedical applications for photoacoustic and thermoacoustic
tomography, which is currently running in our lab in GOTL at UCIIIM in the OILTEBIA
project funded by the European Union.
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Appendix A: THz Pulsed vs. Continuous Wave
Spectroscopy

There are many techniques to generate and radiate the THz EM waves based on the
applications and features such as power, tunability, limitation frequency range, and cost of
systems. Table A.1 compares the different THz sources which are available commercially or

in research grades.

Table A.1: List of available THz sources and their features for Spectroscopy (Ref: www.coherent.com).

Laser-Enabled Electronic

Technology Direct Laser

Optically Quantum Parametric ~ Photomixer Time- Backward Direct

Pumped Cascade Oscillator Domain Wave Multiplied
System Oscillator Sources
Power UptolW Several 10’s nW 10 nW ~1uWw mW Up to pyW
(average) at spec1f.1c mw
frequencies
Frequency 0.3-10 THz  2-10 THz 1-3 THz 0.3-10 THz 0.1-10 0.1-1.5 0.1-1.5
range THz THz THz
Tunability Discrete 10 GHz 1-3THz  0.3-10 THz Dependon 20% off; 10-15%
Lines** resolution of fo
Wave form Pulsed/CW Pulsed/CW Pulsed cw Pulsed Pulsed/CW cw

* can be converted to tunable output using a schottky-based sideband generator.

In Table A.1, there are two types of THz wave sources in different frequency operations and

emission modes:

- Continuous wave (CW),

- Pulsed or time-domain.
As the THz CW systems operate at a single frequency and emission modulated up to GHz
frequencies, they are narrowband and, usually, have a limited tunability with high spectral
resolution in several MHz. Because of which, CW systems are useful in gas phase
spectroscopy rather than solid or liquid phase. The CW detection can be done either in
narrowband or broadband. Narrowband ones, usually, are sensitive to a specific frequency

and with less noise that do not require modulation to realize high sensitivities. Broadband
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detectors ones are sensitive to the broader frequency range and modulation that they need

filtering to reduce the effects of background noise.

The pulsed THz radiation offers a higher bandwidth and permits very fast measurements -
a spectrum can be acquired within milliseconds. The system operates based on the
generation and detection of an electromagnetic transient that has duration of few
picoseconds. The frequency resolution is limited to several GHz. The time-domain
generations are the short pulse made of many frequencies that can be accessed with a
Fourier transform of the pulse. The time-domain systems are suitable in spectroscopy and
ultrafast phenomena studies in a broadband frequency range. In contrast, a CW system
features a somewhat lower bandwidth and requires longer measurement times - acquiring
a spectrum typically takes several minutes. Table A.2 summarizes the major differences

between CW and time-domain systems.

TableA.2: Comparison between Continuous Wave and Pulsed THz spectroscopy systems features.

THz Spectroscopy | Frequency Gap Specification
cw 100GHz-1.5 THz | -High resolution,

-Narrowband,

-No immediate spectra data,
-High power available,

-High sensitivity,

-Available in active and passive configurations.
Time- 100GHz-5THz - Broad spectrum,
Domain/Pulsed - Coherent phase and amplitude information,

-Thickness and depth information,
-Available in active mode,
- Lower resolution than CW.
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Appendix B: THz Temporal Window and THz-TDS
Extraction Data

B.1 Time Window

To study the window size of the main echo in the THz transmission analyze, the different
time-domain window sizes of the spectra air, bar substrate and the substrate cover with
pum CNT thin films were studied [53]. Fig. B.1 shows the measured THz spectra for the air
reference, the substrate reference, and the CNT samples. The substrate thickness and CNT

absorption change the phase and intensity of THz air field.

T
— THz Air
— —Quartz substrate
@ MWCNT + Quartz Substrate
ft + SWCNT + Quartz Substrate
J
|

o N ~ »  ®
T

THz field (nA)
S

0 5 10 15 20 25 30 35
Time Delay (ps)

Figure B.1: The THz temporal signals of free space, quartz substrate, and MWCNTs and SWCNTs
samples.

Fig. B.1 shows the THz temporal signals of 35ps with sampling number of 512 and time
step of 67 fs for all measured samples. To transform these THz temporal signals into the
frequency domain, the Fourier transform technique explained in Chapter 3 was applied
with different time windows (20ps, 25ps and 30ps). The results in Fig. B.2 shows that by
decreasing the window size in the time domain, the smoother THz spectrum in frequency
domain can be observed. But, the important information such as absorption lines and
phase details is missed in the THz signals by reducing the window. This is more distinct
where the edge of time window is much closer as possible to the THz temporal echoes (i.e.,

of 20 ps).
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Figure B.2: The THz spectra for time windows of (a) 20ps, (b) 25ps and (c) 30ps.
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Larger window sizes give us better frequency resolution, but have more variability in the
high frequency range. A small window size averages out the low frequency information
because each window gets de-trended. The approximately lowest frequencies (Af) that can
be resolved with the different window sizes (T) are calculated in Table B.1 according to the

simple explanation of Af=1/T.

Table B.1: Different window sizes resolved different frequency resolutions.

Time window (ps) Lowest frequency resolution (GHz)

20 50
25 40
30 33

B.2 Extraction Principle
The obtained THz fields in the frequency-domain are complex functions of amplitude and

phase. In the basic THz-TDS analysis, two main waves need to be measured:

1- The input or reference signal THz ()  : there is no any sample between the emitter

inpu

and receiver. This is the air reference signal.

2-The output signal THz(a)) .+ the input signal is modified (in amplitude and phase)

outp

because of passing through the sample.

In a simple definition, the absorption (a) and dispersion (nra) properties of sample
(thickness of d) can be obtained as functions of frequency considering the above input and

output THz signals by:

R )

input

THz(w)

output

(B.1)
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Table B.2 shows the remarkable parameters that can derived from the THz-TDS analysis

and the ratio between two 7Hz(w)  and THz(a))iW signals in (B.1).

outpu,

Table B.2: The electrical and optical parameters can be achieved from the THz-TDS measurements.

Parameter Symbol Unit

Index of refraction

(poutp'ut - (piﬂp‘ut] -

n’real(w) =1+ [ dwe=1

(real part)

Complex {Tl = Nyear + inimg) b

Index of refraction

Power absorption () :% ITLTTZZZ(E:);::t _ 4?1:7;me 1/cm
Conductivity Orear(@) = 20&oN,eqi ()N g (@) 1/Q.cm
(ral part) = ca(@)nea (@)
Surface 0.(w) = Opeq(w)d 1/Q.sq

Conductivity

Fig. B.3 shows the temporal signals and spectra of the thick quartz sample and its air
reference. All measurements were carried out with dry air in the THz-TDS box as explained

in Chapter 4.
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Figure B.3: The THz air and quartz substrate signals in (a) the time domain and (b) transformed
spectra in the frequency domain using Fourier technique.

In a complete THz-TDS analysis, as demonstrated in Fig. B.4, there are three THz fields:

1- E,(®)is the incident field coming from THz emitter to the sample,
2- E () is the air reference field after passing the air space with thickness of L,

3- E (w)is the field passed through the sample with thickness of L.
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In this case, there are two complex refractive indices:
1-n, = n, + ik, is related to the air reference (#n, ~1 and k, = 0),
2-n, =n_+ik_is related to the sample.

These refractive indices give two propagation constants of different layers with thickness

of L:

(—l?iaL)
P(w,L)y=e ° , (B.2)
(—IWXL)
P(w,L)=e © . (B.3)
L
J EO | E
g g
losi s
| il | E
By ‘
n,ooLobn,

Figure B.4: The schematic of THz-TDS transmission experimental for the stand-alone sample
(thickness of L) with parallel face to electric field.

For the complex transmission fields of the reference air and the sample, we can

respectively write:

E (o) = Ey(o), (o) B (o, L)t (0) FP(®), (B.4)

E, (o) = E,(0)P,(,L), (B.5)
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2,(@) 4y (e 2@

= ———————— are the Fresnel equations of the
i, () +71,() i, () +71,()

where ¢, (w) =

transmission coefficients of the air->sample and the sample->air. The backward and
forward reflections in the sample, so-called Fabry-Perot (FP), can be defined as a series of

the multi-reflections of the incident waves inside the sample:

! . (B.6)

1_(ﬁs My )2.6[72@@/(;]

FP(w) =Y {r,.pi. (w0, L)} =
k=0

The complex transmission coefficient of the sample can be achieved by recoding the ratio

THz signal between the sample and the air reference:

_E(w) _t (o)P(o L), (o)
T(w)= E (o) B (oL FP(®), (B.7)
T(w)= E(o)  _4r7, sexp| —i(ii, —7i,)wL/c |FP(w)= A(w)e” . (B.8)

E (o) (i +a,)

If the sample is thick, we can eliminate the FP effect inside the sample [88]. The simplified

complex transmission in (B.8) can be rewritten as:

31

an, > exp [—i(ﬁs -1, )oL /c]. (B.9)

(7, +4,)

The next step is to extract the phase information (arg 7(@)]) and obtain the absorption

T(w)=

+ [
&Y

coefficient (In[7(w)]) of the sample from the complex transmission in (B.9) given by:

arg[T(w)] ~argl—"M 7 5 )@F, (B.10)
(i +7, ) c

In[T(w)] ~Inf ——"e ] 2= (B.11)
( +n a)

The above equations are fixed-point (or convergence) functions lingf(x)zC[ZOl]. To

solve them and extract the real », and imaginary &, part of refractive index at different THz

frequencies, we can write:
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n, —f(ns’k)~——(arg[T(w)] arg[(~ 7))+, (B.12)

k= (n k) == [ T(@)] ~Inf 2 ]). (B.13)
(s+ a)

If the sample is transparent and 1< n_ <2, we have following approximation:

0.93%& (B.14)
(n,+n,)
So, Eq. (B.12) can be simplified to calculate the real part of complex refractive index of

sample by:
ns(a))z—iarg[T(a))]Jrna, (B.15)
oL
and the extinction coefficient or the imaginary part refractive index from (B.13) is:
k(ow)~—In[T(w)]. (B.16)
‘ oL

Finally, the frequency-dependent absorption coefficient of sample can be calculated from

(B.16) by:

k(a))

a(w)=20——— (B.17)

If the approximation condition in (B.14) cannot be made, the iteration numerical algorithm
is applied in (B.8) to find the roots of function once the phase and amplitude of
measurement are equal to the calculated ones. It has been programmed in the Matlab and
Wolfarm Mathematica platforms by the author of this thesis and the algorithm shows very
efficient (precision of 0.001) and quick response (less than 1 sec for a normal i5-based PC)
by starting points of n, =1and &, =1. The results show after a few iterations the roots of
function can be found. Table B.3 shows the real refractive index and power absorption for

the different doped semiconductors at 1 THz as reported in Refs. [145, 190, 202, 203].

The extracted complex reflective index for the THz signal will be demonstrated in the next

section by studying the FP and thickness impact.
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Table B.3: The refractive index and the power absorption of different semiconductor samples.

Thick | ~ng+ ~a*
Samples
(nm) (1/cm)

Silicon (n-type)[202] | 29E+04 | 3.2 75

Silicon (p-type) [202] | 20E+04 | 3.2 550

GaAs (n-type)[145] 90 9 5800

GaN (n-type)[203] 45E+2 4 1500

ITO[190] 345 30 30
Quartz 1750 1.7 1.1
Fused Quartz 2150 1.9 1.2

* The values are around 1 THz

B.3 Fabry Perot and Thickness Influences

In this study, a thick quartz sample is under test. In order to study the multi-reflection
effect in the obtained results, the complex refractive index functions calculated in the THz
frequencies with and without considering the FP. Fig. B.5 shows the real and imaginary
parts of complex refractive index achieved from the previous section by extracting the THz
transmission from (B.15) and (B.16). It is seen that the FP effect is higher at lower
frequency and make fluctuation at the lower frequencies below 1 THz for both the real and
imaginary parts of refractive index of sample. This effect is disappeared at the high THz

frequencies.

To study the influence of the thickness of the sample (as a non-absorber material in THz
regime) two different values of 1.75mm and 2.15mm have been considered. Fig. B.6 shows
the refractive index and the power absorption of the sample with different thicknesses in
calculation. The results indicate that the refractive index more relies on thickness
compared to the power absorption for such THz transparent materials. It is because of a

delay shift of the phase for the larger thickness. The power absorption is almost in the
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same range for both thickness of 2.15 mm and 1.75 mm as quartz shows high transparency

at THz range [62].
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Figure B.5: The FP effect in (a) real and (b) imaginary parts of complex refractive index function of the
quartz substrate.
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Figure B.6: Comparing the results of (a) refractive index and (b) power absorption coefficient for the
quartz sample with changing its thickness in the calculation.

B.4 Preliminary Optical and Electrical Results of Micrometrics SWCNT and MWCNT Samples
Using Differential Transmission THz-TDS Analysis

In this study, the SWCNT and MWCNT thin films with thickness 1.09 um and 1.2 um have
been fabricated on face of the fused quartz substrates [cf. Appendix D.1]. The extraction of
the electrical and optical properties has been performed from the differential transmission

THz-TDS measurements [52]. Following the studied analysis for the reference substrate
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earlier in this section, to obtain the complex refractive index of the CNT thin film in THz
regime, a simple schematic with different three layers is designed [cf. Fig. B.7]. Compared
to the reference substrate model, there is a new CNTs thin film layer with refractive index

of 71, =n, + ik and thickness of d on top of the substrate.

d D

E, 1 | E,
I a
7“.;'/'“ SN
7,
! EO ;i fﬁim
| a
—— v
ﬁa

Figure B.7: The THz-TDS transmission experiment schematic by passing the signals through the thick
reference substrate (with thickness D) and the CNTs thin-film (with thickness d).

In this schematic, as there are backward and forward reflections from the substrate to film

the FP effect needs to be considered in the complex refractive index and power absorption,

as follows:

E (w)=Egttyts exp( . )exP(TS)FP(a))
iwdi, iwDii, 1 . (B.18)
= Egt,,t,5t;, exp( c ! Jexp( ) i2a)dﬁf

1 =115 exp(

As earlier explained for the reference substrate, the transmitted THz electric field can be

defined by:
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ion,d iowDn,
E, (@) =t,5t;, exp( " )exp( — )E, . (B.19)
2n,
The transmission and reflection Fresnel’s coefficients respectively are f; = 1+ and
n, —nj
Iy = m as results of the electric field inside the sample after the parallel incident
angle THz beam to the sample. The differential THz field is explained by:
Ediff(w) = E_/ilm () - Emf (w). (B.20)

In the next step, the complex transmission coefficient of CNT thin film with amplitude A
and phase @ is calculated by:

iodn, 1 .
= / -1= () B.21
[t exp( P ) Dodi J-1=A4(w)e ( )

t(1=ryry exp( ! )

_ Edg‘[f’(a))
E rei/'(a))

I(w)

n, wd

Under the assumption <<1 for high conductance samples, (B.21) can be simplified

c

(e" =1+ xif x<<1) and then the complex transmission coefficient is rewritten by:

. Ed,ff(a)) - iod
Eref (a)) c(nl + ns )

T(w) [n}+mn,—n —n ] = A(w)e” (B.22)

The extracted real and imaginary parts of complex dielectric constant (or permittivity)

& =g +ig, =i, from (B.22) are [cf. Fig. B.8]:
&g zid(na+nS)Asin((p)—nanS+na+ns, (B.23)
)

£ ~——(n +n )Acos(p). (B.24)
od
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Finally, the complex refractive index [cf. Fig. B.9] of the SWCNT and MWCNT films are
calculated from (B.23) and (B.24):

1
n = o(s e+l (B.25)

k, ~ i . (B.26)
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Figure B.8: The real and imaginary parts of dielectric constant of (a) SWCNT and (b) MWCNT thin
films.
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Figure B.9: The real and imaginary parts of refractive index of (a) SWCNT and (b) MWCNT thin films.

Tables B.4 and B.5 present the calculation details of the absorption (a), the complex
refractive index (n) and the electrical conductivity (o) as functions of frequency for the

SWCNT and MWCNT samples using the above explained differential THz-TDS analysis.
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Table B.4: The THz differential parameters of the SWCNT thin film (with thickness of 1.09 um) deposited on top of a fused quartz substrate (with

Table B.5: The THz differential parameters of the MWCNT thin film (with thickness of 1.2 pm) deposited on top of a fused quartz substrate (with

thickness of 2.15mm).

Thin-Film
k o =2cg,mn
=20-L o
E, | Euy | ny | 7% | (s/em)
(1/cm)
20 +2i | -1-68i | 12.11 1664 53.5
1-4i -11- 9.09 3088 74.5
16i
0.1-1i | 0.7-6i | 7.15 4219 80.1
-0.3- -0.7- 5.56 5106 75.4
0.2i 1.7i

thickness of 2.15mm).

Thin-Film
k, o =2cg,0n,
E, | Ey |n, | “7%c | (s/em)
(1/cm)

16 + 24i -3- 8.95 1617 38.4
46i

5+ 2i -7- 6.92 2245 41.2
10i

0.9+ 1.2i 0.3- 5.82 2861 44.2
3.8i

0.3+0.3i -0.1- | 5.07 3261 43.9
1.2i
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Appendix C: Graphene and CNTs Physical Structure

C. 1 Graphene

Table C.1 shows the different carbon isomers of the carbon based material and their
structures. For a carbon, there are 2s, 2px, 2py and 2pz valence orbitals. In graphene
structure, three planers of 2s, 2px, 2py combine to three hybridized o orbitals. The 2pz
orbital does not couple with o orbital for symmetry reasons. It is called m orbital [204]. Fig.

C.1 shows the carbon inplanar o and perpendicular m orbitals in a cell [205].

Table[C.1: The different carbon isomers of the carbon based material [118, 119].

Carbon Dimension Hybrid Density Bond Material group/E, Structure
Material (g/cm3) Lertgth
(A)
Fullerene 0-D sp? 1.7 1.4 (C=C) Semiconductor
/(~2eV)
Nanotubes | 1-D sp? 1.2-2 1.42(C=C) | Semiconductor or
Metal

U e
Graphite | 2-D sp? 2.2 1.42(C=C) | Semi-metal “@A
34°A

—> Graphene

Diamond 3-D sp3 3.5 1.54(C-C) Insulator /(~5.5 eV)
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FigureC.1: The carbon valence ¢ and w orbitals [204].

The hexagonal graphene crystal structure is built in a triangular Bravais lattice shape with
a two-atom structure within each unit cell. Fig. C.2 shows the first Brillouin zone of

graphene band structure which is a hexagon with a unit cell of two atoms.

(b)

Figure [C.2: (a) The first Brillouin zone of graphene layer where the solid line marks the boundary
with different level of energy of the first Brillouin zone with a hexagon shape. (b) A unit cell of two
atoms (A and B).

The first Brillouin zone is middle with three important points at center (I'), corner (K) and
middle of the edge (M or saddle) points of the zone [204, 206]. The map of Fig. C.2 is
demonstrated in Fig. C.3 where the conduction and valance bands touch at corners of the
hexagon, called the Dirac point (K points). The occupied (bonding) m and unoccupied
(antibonding) m* bands do cross the K point. Fermi surface (Ef) then decreases to the six K

points at the corners of the zone. Next to the Fermi energy m and m* bands have linear
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dispersion? relation. Both electron and holes close the Fermi surface usually have quadratic

dispersion relation and treat as free particles with effective mass m*#me. [204].

Figure [C.3: The band structure of graphene and drawing of the possible optical transitions: six Dirac
cones are shown in the vicinity (E-Ef=0).

The tight-binding analytical approximation expression presents good results near Fermi
level for the dispersion relation and related eigenstates by focusing on n bands and only for

nearest neighbor interactions [118]:

k k
E;, (kx,ky ) =1V Jl +4cos ( \/gf"a Jcos (%j +cos’ (%J , (C.1)

where V,, is the nearest neighbor C-C tight binding overlap energy (~3 eV) [207], k is the

wave-vector in the hexagonal Brillouin zone, and a =1.42 A. E* and E-correspond to the
m* and m energy bands, respectively. The high symmetry and energy values at points are

I'=(0,0)with energy of 3Vy, K=(O,§—ﬂjwith energy of 0, and Mz(i—ﬂ,OJ with the
a a

energy of V. In case of an intrinsic graphene, we can say the Fermi level energy is around
this Dirac point and charge carriers only experience a linear dispersion [208]. By expansion

(C.1) in neighborhood of the K points, the low energy dispersion can be explained as:

1 Linear dispersion is typical for massless Dirac fermions, i.e. particles with relativistic speed and no mass.
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Ey, (k) =%hv, |

: (C.2)

3aV,

where K:(kx,ky)—K and v, = ~10°is the Fermi velocity constant. This relation

shows the linear nature of the electronic dispersion for small &, equivalent to the electron
energies close to the Fermi level. This characteristic infers that the carrier movement in
graphene is similar to that of relativistic particles with minimum mass explained by Dirac's
relativistic relation [209]. The difference with the conventional solid-state materials with
the parabolic dispersion explained, by the Schrodinger in Chapter 3. This linear energy-
momentum relationship occurs by intersecting the conduction and valence bands

(x=0and £, ~0). The result of such a linear dispersion is a condensed matter property.

Thus the charge carriers move with zero effective mass.

C.2 CNTs

Single-wall carbon nanotubes (SWCNTs) can be generally imagined as graphene sheet
rolled at a certain "chiral" angle with respect to a plane perpendicular to the tube's long
axis. The multi-walled carbon nanotubes (MWCNTSs) is consisted of several concentric
SWNTs, therefore, they have bigger diameters compared to the SWCNTs. Carbon nanotubes
(CNTs) have been intensively interested because of their great physical, electrical,
mechanical and optical properties [97]. Besides developing process of carbon nanotubes
and controlling methods for the fabrication of tubes [210], CNTs are metals or
semiconductors depending sensitively on their structures. They can be used to form metal-
semiconductor, semiconductor-semiconductor or metal-metal junctions [119]. These
junctions have great potential for applications since they are of nanoscale dimensions and
are made entirely of a single chemical element. CNTs have the symmetric conduction and

valence bands, which is advantageous for complementary electronics applications.

The conduction and valence bands of CNTs are symmetric, which is advantageous for
complementary electronics applications. The conduction-band bottom and the valence-

band top are at the same wave vector point, which enables optical emission. Fig. C.4
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demonstrates the dispersion relation near (Kx and Ky wavevectors) the Fermi level® of

semiconducting and metallic CNTs.
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Figure [C.4: The band structure and Fermi level dispersion of (a) semiconductor and (b) metallic CNTs.

The band gap energies increase with reduction nanotube diameter [211]. A pair of indices
(n, m) is conveniently used instead to describe CNTs. In Fig. C.5, Cis a (4, 2) vector: the sum
of 4 unit vectors from the origin directly to the right, then 2 unit vectors at a 60° angle

down and to the right. Besides this, the diameter of CNTs are obtained by

d=2In"+m* +nm = L The vector magnitude isa =a, = a, ~0.246nm and L is the length
r r

of vector C.

! Fermi energy is the maximum energy occupied by an electron at 0K


http://hyperphysics.phy-astr.gsu.edu/hbase/solids/fermi.html#c1

158

aj

(n,0) zigzag

(m,m) armchair

Figure [C.5: Carbon nanotubes naming and vectors scheme.

The chiral angle is used to separate carbon nanotubes into three classes differentiated by
their electronic properties [212]: armchair (n = m, 6 = 30°), zig-zag (m = 0, n > 0, 8 = 0°),

and chiral (0 < |m| <n, 0 <6 < 30°).
If n=m, for example Fig. C.6 (c):
CNT has an armchair style with metallic properties (zero-band gap).
If n#m for example Figs. C.6 (a-b):

2-1- If |m-n|= 3k (where k is an integer number and not zero) CNT has
the zigzag or chiral style. CNT has semimetallic properties with tiny-band

gap.

2-1- If |m-n|# 3k (where k is an integer number and not zero) CNT has
the zigzag or chiral style. CNT has semiconductor properties with large-

band gap.
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Figure [C.6: The energy gap of SWCNTs while n#m [119].
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Appendix D: Graphene and CNT Samples

D.1 SWCNT and MWCNT Thin Films

The SWCNT and MWCNT thin films with thickness 1.09 pm and 1.2 um were fabricated on
face of the fused-quartz substrates [cf. Table D.1]. The carboxyl-functionalized of carbon
nanotubes was performed and a stable suspension was formed in acetone at 1g/L. Then
suspension was sprayed onto hot quartz substrate. The thickness was measured using
scanning electron microscope (SEM). Once thickness was confirmed remaining samples
were prepared following the above procedure. Fig. D.1 shows SEM image of CNTs sample

and deposition over the quartz substrate.

Table D.1: The CNTs samples physical characterization.

Specification SWCNT MWCNT
Reference substrate fused-quartz | fused-quartz
Substrate thickness 2.15 mm 2.15 mm

Size of device (LxW) 2.5cmx2.5cm | 2.5cmx2.5cm

CNTs thin-film thickness 1.09 um 1.2 um
CNTs diameter 1.5nm 15nm
CNTs length 1-5 pm 15 um

CNTs purity >95% >95%

Figure D.1: The CNTs thin film deposited over the fused-quartz substrate (SEM image (left) and
photography of the whole wafer (right)).


http://www.google.es/url?sa=t&rct=j&q=sem%20image&source=web&cd=10&ved=0CH0QtwIwCQ&url=http%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DbXbAVp__9x4&ei=9pK8T-2_DKOn0QWRjr0i&usg=AFQjCNFXKQdEhxD-MYPKOLHv0QVJyaMRvw&cad=rja
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Fig. D.2 shows the atomic force microscopy (AFM) images of the MWCNT thin films
deposited on a silicon substrate. Since the image was not taken right after the fabrication,
dust or other external particles are present in the sample. A dust free part of the sample is

shown on the left side of each figure, which clearly shows the non aligned tubes.
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Figure D.2: The AFM images (height and phase) of the MWCNT thin film deposited on a silicon
substrate

D.2 MWCNT1 and MWCNT2 Thin Films

The samples are made of a pure and homogenous thin films of MWNTSs deposited over a
quartz substrate. A nanotube suspension was prepared by mixing and ultrasonicating (380
W, 20 min) deionized water (10 ml), SDS (Sigma Aldrich, 71725, 0.1 g) and MWCNTs
(Hanwha Nanotech, CMP-330F, 10 mg). The nanotube suspension was deposited on a filter
paper (Whatman, Anodisc 25) by the vacuum filtration method. Then SDS surfactants were
removed by rinsing with deionized water. Finally, the MWNTSs films were transferred on
quartz substrates. The MWCNT film thickness of our two samples, namely MWCNT1 and
MWCNT?2, is 162 and 193 nm respectively [cf. Fig. D.3]. The films have a diameter of 18 mm,

while the quartz substrate is a 25x25 mm? square.
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(@ (b)

Figure D.3: The MWCNTs films with thicknesses of (a) 162.16nm and (b) 193.88nm deposited over the
quartz substrate.

D.3 MG1 and MG2 Thin Films

MG films were fabricated as follows [26, 96]: Copper foils from Alfa Aesar (46986, 99.8%,
thickness 25 um) were used as catalytic substrates. They were heated to 1000 °C with H2
flow (3 sccm) and annealed at 1000 °C for 30 min. Then, graphene films were grown by a
low pressure chemical vapor deposition (LPCVD) by introducing CH4 in the deposition
chamber for 10 min (20 sccm). Specimens were lastly cooled rapidly to room temperature,
without any gas flow. The synthesized MG films were transferred onto a fused quartz
substrate (20x20x0.5 mm3) by the wet transfer method. A thin layer of polymethyl
methacrylate (PMMA) dissolved in chlorobenzene (Sigma-Aldrich 82265, 46 mg/mL) was
put on top of MG, followed by a curing. Then, the copper substrate was etched in
ammonium peroxydisulfate solution (Alfa Aesar 54106, ACS, 98.0 %, 0.1 M) for 3 hours.
Finally, the PMMA/graphene film was transferred onto the fused quartz substrate, followed
by removal of PMMA using acetone. The MG film thickness of our two samples, namely MG1

and MG2, is a one-atom thick layer deposit on over quartz substrates (15x15x0.5 mm3).

D.4 MG Thin Film

The number of layers and the electronic structure of graphene sample can be explored in
Raman spectrum [213]. The ratio intensities of G and 2D peaks can be changed as the
number of graphene layers and also assessing the quality of sample [214]. Fig. D.4 shows

the Raman spectra of transferred MG taken under this study with G (~1580 cm-1) and 2D
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(~2680 cm-1) bands. The intensity of disorder-induced D band (~1,350cm-1) maybe
because of edges and sub-domain boundaries in graphene consistent with MG as discussed

in Ref. [215] with intensity ID/IG ratio ~ 0.2.
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FWHM,p = 30cm™ 2D band
2680
G band
1580
Graphene
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(Ca, Cu)
Sapphire M
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Raman shift (em™ l)
(a) (b)

Figure D.4: (a) The model structure of transferred monolayer graphene. (b) The Raman spectra of
transferred single layered graphene with G and 2D peaks [Meijo Nano Carbon Ltd.].

D.5 GRP and AgNW-GRP Hybrid Thin Films

GRP was grown on a raw copper foil (Nilaco, 99.96 %, and 100-pm thick) using chemical
vapor deposition (CVD) with CH4 and H: flow at 1000 C. A typical GRP synthesis procedure
using CVD is provided elsewhere [216]. The synthesized GRP films were then transferred
onto fused quartz substrates (20x20 mm?, thickness 0.54 mm) following the wet transfer
method published previously[214, 217, 218]. Firstly, polymethyl methacrylate (PMMA,
from Sigma-Aldrich (46 mg/ml) dissolved in chlorobenzene was spin-coated on the
GRP/Cu substrate followed by drying at room temperature. The GRP grown on the back
side of the Cu substrate was removed by oxygen plasma. The Cu substrate was then etched
by using Cu etchant (Transgene, CE-100) for 1 hour. The PMMA/GRP was washed by using
deionized (DI) water for 1 hour followed by 0.5 M hydrogen chloride reatment to remove

iron nanoparticle residues. The PMMA/GRP film was rinsed with DI water for 2 hours.



Appendix D: Graphene and CNT Samples 165

Finally, the PMMA/GRP was transferred onto the fused quartz substrate, and PMMA was
removed using acetone for 5 min. For AgNW-GRP hybrid films, AgNWs dispersed in ethanol
(Nanopyxis, 1.23 mg/ml) were spin-coated onto the fused quartz substrate at 1000 rpm for
60 s followed by a 6-h drying at room temperature. The average length and diameter of
AgNWs were 25 pm and 35 nm, respectively. Finally, the CVD-synthesized GRP was
transferred on top of spin-coated AgNWs using the same wet transfer method. The
thickness d of the AgNW-GRP hybrid films was measured by atomic force microscopy
(AFM), and the average value was used to calculate the conductivity [cf. Fig. D.5 (a)]. Two
samples were characterized during this work AgNW-GRP (I) (d=59 nm) and AgNW-GRP (II)
(d=38 nm). Fig. D.5 (b) shows the scanning electron microscope (SEM) image and energy
dispersive X-ray (EDX) analysis of AgNW-GRP (I). The strong silicon and oxygen peaks
came from the quartz substrate. Both carbon and silver peaks could be observed where
AgNWs were on GRP (Spectrum 2) whereas only a carbon peak was present on the GRP
surface without AgNW (Spectrum 1).
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=
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Figure D.5: The surface profiles of two AgNW-GRP hybrid films. AFM images are provided as inset. (b)
The SEM image and EDX analysis of AgNW-GRP (I) (d=59 nm).
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Appendix E: MITEPHO and Published Results

E.1 MITEPHO Project

MlIcrowave and TErahertz PHOtonics (MITEPHO) was a project in techniques and
integration for generation and applications under coordination of Universidad Carlos III de
Madrid and Professor Horacio Lamela Rivera. MITEPHO was an Initial Training Network
funded by the European Community's Seventh Framework Programme. Grant Agreement
Number 238393. MITEPHO was seeking to train researchers to develop photonic sources
for CW signal generation from microwave (uw) to terahertz (THz) frequencies. The main
objective of the network was to establish a crossroad among the different technical
domains that overlapped on this topic, gathering experts in the domains of photonic
sources and detectors from physics and engineering backgrounds. The network consists of
five University partners, two Research Laboratories and 4 Industrial partners from across

Europe (01/01/2010-01/01/2014).

This thesis is supported by MITEPHO to develop THz spectroscopy in sensing,
nanotechnology and biomedical applications. All material characterizations, THz-TDS study
and signal processing analyzing were carried out in the Optoelectronics and Laser
Technology Group (GOTL) at Universidad Carlos III de Madrid under Professor Horacio

Lamela supervision.

MI TEPHSM )))

http://www.uc3m.es/portal/page/portal/grupos investigacion/optoelectronics/european projects/mitepho
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optical characterization of composite nonaligned single- and multiwalled carbon
nanotubes", Journal of Nanophotonic 8(1), 083099, 2014; [doi:
10.1117/1.JNP.8.083099].

E.3 Invited Feature and Newsroom Articles

» S. Puthukodan, E. Dadrasnia, Vinod. V.K.T, H.K. Nguendon, H. Lamela, G. Ducournau,
J.-F. Lampin, F. Garet, ].-L. Coutaz, D.-M. Lee, and S. Baik, “inside view”, Electronics
Letters, Volume 50, Issue 4, page 237, 2014, DOI: 10.1049/el.2014.0388.

» H. Lamela and E. Dadrasnia,“Terahertz analysis reveals nanostructural dependence
of carbon thin-film properties,” in SPIE Newsroom, March 2012.
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E.4 Conference Proceedings

» H. Lamela, E. Dadrasnia, D.-M. Lee, S. Baik, M. B. Kuppam, F. Garet and ].-L. Coutaz,
"Terahertz conductivity studies in carbon nanotube networks prepared by the vacuum
filtration method," in SPIE NanoScience+ Engineering, pp.84620C-84627 (2012)-
(Invited Talk).

» E. Dadrasnia and H. Lamela, "Studying and analyzing terahertz signals in carbon
nanostructure composite thin-film," in SPIE NanoScience+ Engineering, pp. 84620E-
84627(2012).

» E.Dadrasnia, H. Lamela, M.-B. Kuppam, F. Garet and J.-L. Coutaz, "THz time-domain
spectroscopy in different carbon nanotube thin films," in SPIE OPTO, pp. 82610Y-
82615 (2012).

» E. Dadrasnia and H. Lamela, "Carbon nanostructures properties by terahertz time-
domain spectroscopy analysis for nanoengineering applications,” in SPIE Defense,
Security, and Sensing, pp. 84010Q-84015 (2012).

» B. Gonzalez, H. Lamela, E. Dadrasnia, V. Sichkovskyi, K. Kozhuharov and ]J.
Reithmaier, "Temperature effects on the characterization of new quantum dot dual
mode lasers for terahertz generation," in SPIE OPTO,pp.82550C-82556 (2012).

» E. Dadrasnia, B. Gonzalez, H. Lamela, K. Kozhuharov, V. Sichkovskyi and ]J.
Reithmaier, "Thermally tunable DFB dual mode laser diode by an external platinum
thin-film heater for THz generation," in SPIE OPTO,pp.825512-517 (2012).

» H. Lamela, E. Dadrasnia, F. Garet, M. B. Kuppam and ].-L. Coutaz, "Carbon nanotube
terahertz spectroscopy: study of absorption and dispersion properties of SWNT and
MWNT," in SPIE NanoScience+ Engineering,pp.81010G-81017 (2011).

» E. Dadrasnia and H. Lamela, "Optical and electrical characterization of carbon
nanotubes by terahertz spectroscopy: comparison between modeling and
experimental results,” in SPIE NanoScience+ Engineering, pp. 80963P-80966 (2011) .

» E. Dadrasnia and H. Lamela, "Nano-Graphene and Single-walled Carbon Nanotube
Electrical and Optical Conductivity Properties by Terahertz Time-Domain
Spectroscopy,” in the 5th International Congress on Advanced Electromagnetic
Materials in Microwaves and Optics- Metamaterials, pp. 722-724 (2011).

E.5 Workshop & Poster Contributions

» E. Dadrasnia, H. Lamela, M.B. Kuppam, F. Garet,].-L. Coutaz, D.-M. Lee, and S. Baik
“Conductivity Measurement of MWCNT and Graphene Thin-films at DC and High
Frequencies Using Noncontact Terahertz Time domain Spectroscopy” in the
MITEPHO Laboratory Platform, UCIIIM, Spain, Oct. 2013 (Presentation).

» E. Dadrasnia and H. Lamela, “Film Noncontact Conductivity Measurements in Carbon
Nanostructures at THz Frequencies” in the 1st MITEPHO Industrial Workshop,
THALES, France, Mar. 2013 (Poster Session).
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» E. Dadrasnia and H. Lamela, “Terahertz Time-Domain Spectroscopy to Study Free-
contact DC Conductivity Measurement of CNTs Thin-Films”, the 1st MITEPHO Winter
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» E. Dadrasnia and H. Lamela, “Terahertz Time-Domain Spectroscopy study and
analysis of Optical and Electrical properties in Carbon Nanostructures” in the 2nd
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» E.Dadrasnia and H. Lamela, “Terahertz dielectric properties of carbon nanostructure
films utilizing time-domain spectroscopy,” in the 3rd International Topical Meeting

on Optical Sensing and Artificial Vision, Saint Petersburg, Russia, May 2012
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» E.Dadrasnia and H. Lamela, “Dual Mode DFB Laser THz Generation for Spectroscopy
Applications,” in the 1st MITEPHO Summer School, Areches-Beaufort, France, Sept.
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E.6 Conference Talks

» E. Dadrasnia, S. Puthukodan, H. Lamela Rivera, G. Ducournau, J.-F Lampin, M-B
Kuppam, F. Garet, ].-L Coutaz, “Comparisons between continuous wave and time-
domain terahertz spectroscopy in carbon nanostructure”, in SPIE Defense, Security,
and Sensing. Conference (2013)

» H. Lamela, S. Puthukodan, E. Dadrasnia, D-M Lee, S. Baik, G. Ducournau, J.-F Lampin,
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