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Chapter 1

Introduction

Figure 1.1: Electromagnetic spectrum and overview of frequencies regions

The Terahertz range refers to the part of the electromagnetic spectrum
between microwave and infrared regions. In particular the Terahertz gap
contains all the electromagnetic waves with frequencies between 0.1 and 10
THz. Terahertz radiation travels in a line of sight and is non-ionizing and
can also penetrate a large variety of non-conductive materials.

Generating, manipulating and detecting THz radiation is rather di�cult
because the technology involved in these physical processes has been devel-
oped in the last twenty years and it is still a subject of research. The first
time domain THz spectroscopy was made in 1984 [1][2] and from that mo-
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ment, with the rapid development of coherent THz sources, the THz gap has
been filled up.

The most important application for the THz spectroscopy is related to
the fact that many chemical compounds, molecules and biomolecules have
characteristic spectrum in these range of frequencies. This o↵ers the pos-
sibility to combine spectral identification with imaging, for example it can
be the basis of security screening or to uncover concealed weapons on a per-
son. Another promising application for THz radiation is medical imaging,
in fact THz imaging devices are non-invasive, non-ionizing and contact-less.
This implies application of the THz for medical imaging but also in non-
destructive quality control for industries. Water vapour is a strong absorber
of Terahertz radiation. It has a characteristic absorption peak in THz fre-
quencies. This means that the propagation of THz radiation in air is limited
to a few meters, due to the water vapour, but the characteristic fingerprint
of water in THz region enable high precision measurement of humidity.

THz radiation is useful also in solid state physics. One terahertz corre-
sponds to a photon energy of about 4 meV. This energy is much less than the
electronic transitions of atoms and molecules but THz-tds gives information
about optical properties on the energy scale of meV. In this energy scale
we have phase transitions, like the arise of energy gap, and changes of the
conduction properties of materials. This motivates the use of ultrafast THz
spectroscopy as a powerful tool to study light-matter interactions.

With the development of the terahertz technology, it is important find-
ing new tools or instrument to manipulate the THz radiation. Actually,
thin metallic films with wire-grid structure are used as filters or polarizers
for the THz radiation. These exhibit high extinction coe�cients but have
a structurally tuned architecture that is not extendable to broadband THz
operation. Therefore the electronic and optical properties of one dimensional
systems, like carbon nanotubes, make them ideally suited for THz applica-
tions. Their novel optical and electronic properties o↵er much promise to
the field of THz science and technology. In fact carbon nanotubes polarizer,
beam splitter of filters, for example, are based on the intrinsic properties
of the tubes rather than geometric e↵ects of the metal based ones. This
allow CNT devices to operate beyond the THz range due to their inherent
anisotropic absorption properties.

The aim of this work is to study the absorption properties of carbon
based materials in the THz range. In particular we performed transmittance
measurements on an oriented multi-walled carbon nano-tubes sample (V-
MWCNT), than we extracted the nanotubes optical properties for di↵erent
orientations of the main axis of the sample, with respect to the polarization
of the incident THz field. We found a strong polarization anisotropy. For
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polarization of the incident field perpendicular to the nanotube axis, the THz
field is almost completely transmitted while, for polarization parallel to the
nanotube axis the sample shows strong absorption. We also have found that
the optical response of the sample can be described trough the Drude model
in which the plasma frequency and the scattering rate change as a function
of the THz polarization.

This thesis is organized as follows:
In chapter 2 we will describe the nonlinear e↵ects involved in the genera-

tion and detection process of the THz radiation. We will present an overview
of the properties of the carbon nanotubes.

In chapter 3 the experimental setup of the time domain THz spectroscopy
is described. Furthermore a description of the properties of the V-MWCNT
sample is given.

In chapter 4 we will present the results and the discussion of the mea-
surement performed in-air, showing the absorption of the THz radiation due
to the presence of water vapour. Finally, we will present the experimental
data and the discussion of the measurement of the V-MWCNT sample.

4



Chapter 2

Theory

As already anticipated, generating manipulating and detecting terahertz ra-
diation is not easy and immediate. For generation of terahertz radiation
there exist di↵erent methods:

• Photoconductive method which employs photoconductive antennas;

• Quantum Cascade Laser;

• Free Electron Laser;

• Optical method with non-linear crystals based on optical rectification.

The experiments presented in this work use the latter method for both
generation and detection of THz radiation. This method is based on the
optical rectification, a second order non-linear optical e↵ect of Zinc Telluride
(ZnTe) crystal. In the next section these non-linear e↵ects will be described
and we will also present a section about FEL sources.

2.1 THz Generation

Electromagnetic waves force electrons to moves. The motion of an electron
accelerated in the electromagnetic field produces radiation. Usually the am-
plitude of the motion of the electrons is small, therefore the optical response
of a medium is dominated by the electric dipole oscillations of the electrons,
because the influence of the magnetic field is negligible.

In the linear optical regime the electric dipole moment is proportional to
the amplitude of the applied optical field. In this case is possible to use the
Lorentz model which shows that the optical response of a medium oscillates
at the same frequency of the external field, in fact the bulk polarization for
electrons is proportional to the applied electrical field:
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P (t) = "0�
(1)E(t) (2.1)

where �(1) is the linear susceptibility.
Non-linear optical regime means that the external applied field is consid-

erably strong an the motion of electrons is non-linear with relatively large
amplitudes. In this case we can express P (t) as a power series in the field
E(t) in equation 2.1 to describe the optical response in non-linear regime.
Considering the fields P (t) and E(t) as scalar quantities:

P (t) = "0�
(1)E(t) + "0�

(2)E(t)2 + "0�
(3)E(t)3 + ... (2.2)

= P (1) + P (2) + P (3) + ...

The quantities �(2) and �(3) are respectively the second- and third- order
nonlinear optical susceptibilities.

Let us consider the second harmonic generation. A laser beam, whose
electric field is described by:

E(t) = Ee�iwt + c.c. (2.3)

is incident upon a crystal whose second order non-linear susceptibility is
nonzero. The non-linear polarization generated in the crystal, according to
Eq. 2.2 is:

P (2)(t) = �(2)EE⇤ + (�(2)E2e�i2!t + c.c.) (2.4)

The second order polarization (Eq. 2.4) has two terms: the second one is
a contribution at 2! frequency which lead to the second harmonic generation
(SHG). The first term consist in a contribution of zero frequency. It leads
to a process known as optical rectification and represents the generation of
a static electric field within the crystal. This e↵ect is the main mechanism
for the generation of THz radiation.

In order to describe the non-linear process involved in the THz gener-
ation we consider the interaction with a non-centrosymmetric medium, in
particular with the ZnTe crystal used in this experiment. Fig 2.1 shows the
crystal structure of ZnTe. Non-centrosymmetric means that the crystal has
no inversion symmetry. Also the chemical bond inclines towards Te in the
crystal structure because Te has higher electronegativity than Zn. Therefore
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Figure 2.1: ZnTe crystal structure

the asymmetric charge distribution lead to an asymmetrical potential energy
along the chemical bond. A good approximation for the potential is a Tay-
lor series expansion around the equilibrium position in which the cubic term
represent the asymmetry along the chemical bond. As we can see in figure
2.2(a) when the amplitude of motion of the electron become su�ciently large
the discrepance between x+ and x� is not negligible. Figure 2.2(b) shows
the non linear motion of the electron which can be decomposed in two parts
corresponding to the linear (xl(t)) and nonlinear parts (Xnl(t)). Also the non
linear part has two component at di↵erent frequencies: one corresponding to
SHG and the other represent the optical rectification.

Including the non linear response in the Lorentz model:

ẍ + �ẋ + !0
2x + ↵x2 = �e/mE(t) (2.5)

and assuming a monochromatic incident wave, i.e., E(t) = Ee�i!t and apply-
ing a perturbation procedure is possible to obtain [7] the Bulk polarization
induced by optical rectification which is:

P0
(2) =

2↵e2N

m2!0
2{(!2

0 � !2)2 + !2�2}|E0|2 = 2✏0�
(2)(0, !,�!)|E0|2 (2.6)

where �(2)(0, !,�!) is the second order non linear optical susceptibility cor-
responding to the optical rectification process. The key point is that the
static nonlinear polarization is proportional to the applied light intensity.
Now, considering a rectified polarization induced by an optical pulse, ex-
pressed as E(t) = E0(t)e�i!t, instead of a continuous wave, assuming that
pulse duration is much longer than the optical period and the dispersion of
the nonlinear susceptibility is negligible near the optical frequency, we have
that the rectified polarization replicates the optical pulse envelope. Fig 2.3
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Figure 2.2: Electric potential energy and nonlinear motion for an electron in a noncen-
trosymmetric medium

shows the electric field of a Gaussian optical pulse and corresponding non-
linear polarization induced by optical rectification

As in linear optics the time varying polarization is source of electro-
magnetic radiation. Apparently the spectral bandwidth of the radiation is
roughly the inverse of the optical pulse duration. Therefore, it is possible to
generate THz pulses by optical rectification of femtosecond pulses in noncen-
trosymmetric medium. If we assume a point source, i.e.of size much smaller
than the generated wavelenght, the emitted electric field is proportional to
the second derivative of the induced polarization:

ETHz(t) /
@2P (t)

@t2
(2.7)

In fig. 2.4 we show the optical pulse, the induced polarization and the
respective THz field produced by a infinitesimally thin crystal located in
z’. The total THz radiation field from a finite medium can be obtained by
dividing the medium into thin layers and adding up the fields from them.

The nonlinear polarization induced by optical rectification can be ex-
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Figure 2.3: Optical field of a gaussian pulse and nonlinear polarization induced by optical
rectification

pressed as:
P

(2)
i (0) =

X
"0�

(2)
i,j,k(0, !,�!)Ej(!)E⇤

k(!) (2.8)

where i,j,k are the cartesian components of the field and �
(2)
i,j,k is the

second order nonlinear susceptibility tensor element for the crystal system.
Considering that the indices are permutable, and the crystal system is highly
symmetric (crystal class=4̄3m), we use the contracted notation and many
elements of the tensor vanish. We can obtain the relation [7] as:

dil =
1

2
�

(2)
i,j,k =

0

B@
0 0 0 d14 0 0
0 0 0 0 d14 0
0 0 0 0 0 d14

1

CA (2.9)

In which d14 is a constant obtained from the previous simplifications.
When an optical field interacts with ZnTe, the power of the THz radiation

produced depends on the direction of the field in the frame of the crystal.
Now, if we consider an optical beam incident on a [110] crystal, like in

Figure 2.5 . The linearly polarized optical beam is propagating along the
(110) axis of the ZnTe crystal with an angle of ✓ between the optical field
and the [001] axis. The field has the form:

E =

0

BB@

p
2

2 sin ✓p
2

2 sin ✓
cos ✓

1

CCA (2.10)
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Figure 2.4: THz dipole radiation from a thin layer of nonlinear polarization generated
by a Gaussian optical pulse.

Therefore the nonlinear polarization can be expressed as:

0

B@
Px

Py

Pz

1

CA = 2✏0d14E
2
0 sin ✓ =

0

B@

p
2 cos ✓p
2 cos ✓
sin ✓

1

CA (2.11)

Using this equation we can calculate the THz intensity as a function of ✓,
in fact the intensity is proportional to the square of nonlinear polarization.
We obtain:

ITHz(✓) =
3

4
Imax
THz sin2 ✓(4� 3 sin2 ✓) (2.12)

where Imax
THz is obtained at ✓ = arcsin(

q
2
3). This angle corresponds to an

optical field that is parallel to either the [1̄11] or [11̄1] axis. This means that
we can maximize THz intensity by aligning the optical field direction along
the chemical bond between Zn and Te. fig 2.6 shows the THz intensity as a
function of ✓ between the optical field and [001] axis.

From Eq. 2.11 we can deduce the expression for the angle-dependent THz
field vector:

ETHz(✓) =

p
3

2
Emax

THz sin ✓

0

B@

p
2 cos ✓

�
p

2 cos ✓
� sin ✓

1

CA (2.13)
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Figure 2.5: A linearly polarized optical wave is incident on a (110) ZnTe crystal with
normal angle. Î̧ is the angle between the optical field and the [001] axis

The angle ↵(✓) between the optical and the THz field can be written as:

↵(✓) = arccos

 
E0 · ETHz

|E0||ETHz|

!

= arccos

 
�3 sin ✓| cos ✓|p

4� 3 sin2 ✓

!

(2.14)

And the behaviour of ↵(✓) is shown in fig 2.7

2.2 Pulse propagation trough the crystal

Beyond the THz production by a dipole radiation we have to consider also
how THz radiation propagates in a dispersive media. The refractive index of
the generation crystal at THz frequencies is di↵erent from the refractive index
of vacuum. This means that the pulse slows down in the crystal because the
group velocity decreases:

vgr =
@!

@k
= c(

@n(!)!

@!
)
�1

(2.15)

In our experiment the optical beam wavelength is 800nm and the refrac-
tive index of ZnTe for this wavelength is approximately n800nm ' 3.2. The
optical pulse of about 130 fs is stretched in time to approximately 400 fs
which correspond to a frequency of 2.5 THz, which in the frequency range
of the THz resonance. In order to have a large production of THz radia-
tion we must be in the resonance range of the system, creating a nonlinear
polarization which its second derivative has a frequency in THz range. The
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Figure 2.6: THz intensity as a function of ✓ angle between the optical field and the [001]
axis

Figure 2.7: angle✓ between optical field and THz field as a function of ✓ angle between
the optical field and the [001] axis

second order susceptibility �(2) is the parameter which contains the crystal
resonance frequencies. The key point is what we use to force the system.

Supposing a dispersionless medium, i.e. the refractive indices at optical
and THz frequencies are independent of frequency. During the THz gener-
ation process we have to consider the di↵erent propagation velocity of THz
and optical pulse due to di↵erent refractive index at optical (no) and THz
(nT ) frequency. In case of a perfect velocity matching (no = nT ) the THz
field is amplified while propagating trough the medium as can we see in fig
2.8 and the amplitude of the field is proportional to the propagation length.

In general, if the velocity matching is not satisfied ((no 6= nT )) THz
generation is not maximized. In fact, supposing two layers separated in
which THz generation take place if the velocities of the optical and THz
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Figure 2.8: Linear amplification of THz radiation in a medium satisfying the velocity
matching condition

beam are di↵erent, THz field produced in the first layer undergoes destructive
interference with the THz field produced in the secon layer.

ZnTe crystal is a dispersive media both for optical and THz frequencies, so
the group velocity of a pulse di↵ers from the phase velocity at most frequen-
cies. The optimal velocity matching condition for a broadband THz pulse
is that the optical group velocity is the same as the phase velocity of the
central frequency of the THz spectrum. ZnTe crystall satisfies quite well this
condition because the group refractive index Ngr(�), defined as Ngr(�) = c

vgr
,

near optical wavelenght � = 800nm matches well with THz refractive index
nT (⌫THz) as can we see in fig 2.9:

The spectral bandwidth of THz generation in a ZnTe crystal is limited
by absorption in the THz frequency region due to transverse-optical (TO)
phonon resonances and second-order phonon processes. Figure 2.10 shows
the absorption coe�cient as a function of frequency of the ZnTe crystal.

2.3 THz Detection

THz radiation can be detected using, like in the generation process, a non
linear optical e↵ect in ZnTe crystal known as electro-optic e↵ect or Pokels ef-
fect. This e↵ect is strictly related to the optical rectification. The expressions
of second-order nonlinear polarizations. In this case is:

P
(2)
i (!) = 2

X

jk

"0�
(2)
ijk(!, !, 0)Ej(!)Ek(0)

=
X

j

"0�
(2)
ij (!)Ej(!) (2.16)
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Figure 2.9: Optical group refractive indexes Ngr(�) and THz refractive indexes nT (⌫THz)
of ZnTe.

where �
(2)
ij (!) is the field induced susceptibility tensor. If the conducivity of

a material is zero we have:

�
(2)
ijk(0, !,�!) = �

(2)
ijk(!, !, 0) (2.17)

Thus the electro-optic e↵ect has the same nonlinear coe�cients as the optical
rectification. The physical meaning of these two equations is that a static
electric field induces birefringence in a nonlinear optical medium proportional
to the applied field amplitude. Inversely, the applied field strength can be
determined by measuring the field-induced birefringence.

The process to detect the electric field of THz pulse is known as Electro-
Optical-Sampling (EOS) which exploits Pokels e↵ect to measure the ampli-
tude and the phase with high precision.

Supposing two collinear beams, the first is the optical beam and the sec-
ond is the THz beam, passing trough ZnTe crystal. Spatially, the optical
pulse is much shorter than the THz pulse, this means that,while propagating
in the crystal, the optical beam experiments a constant electric field of the
THz pulse. The static electric field responsible of the field-induced birefrin-
gence of electro-optic e↵ect is the THz pulse. Therefore where the temporal
delay between the two pulses is chanced, the optical pulse probes di↵erent
electric fields which induce di↵erent birefringences.

The field induced birefringence is maximized when both the THz electric
field and the optical polarization are parallel to the [1̄10] axis of an h110i

14



Figure 2.10: Absorption coe�cient (↵THz) of ZnTe from 0 to 5 THz at room tempera-
ture. The dashed line indicates the calculated absorption for the TO-phonon line centred
at 5.32 THz.

Figure 2.11: Polarizations of the optical probe and the THz field are parallel to the [1̄10]
direction of a ZnTe crystal in order to maximize the detection process
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oriented crystal as can we see in fig.2.11. We can rewrite the nonlinear
polarization in Eq.2.16 as:

P = 4"0d14E0ETHzez ? E0 (2.18)

where

E0 =
E0p

2

0

B@
1
�1
0

1

CA and ETHz =
ETHzp

2

0

B@
1
�1
0

1

CA (2.19)

The nonlinear polarization at the optical frequency is orthogonal to the
incident optical field, this means that the linear polarization of the sampling
beam evolves in elliptical polarization during propagation in ZnTe as result
of the field-induced birefringence in the crystal.

Without the THz field the linearly polarized optical pulse passes through
the crystal and remains linear. Instead, when the linearly polarized optical
pulse and the THz pulse simultaneously propagate through the crystal, the
field-induced birefringence produces a slightly elliptical polarization of the
probe pulse.

The elliptical polarization produced by the field induced birefringence is
measured by a quarter wave plate and a Wollaston prism, which separates the
sampling beam in two components. The quarter wave plate change the linear
polarization of the beam into circular polarization and the Wollaston prism
separates the sampling beam in two orthogonal linearly polarized component.

How can we see in figure 2.12, without the THz field the quarter wave
plate change the the sampling beam from linear to circular polarized. Then
the Wollaston prism divides the beam in two orthogonal components with
the same intensity. When the THz field is applied the slightly elliptical po-
larization of the sampling beam, produced by the field-induced birefringence
in the crystal, evolves in an almost circular, but slightly elliptical polariza-
tion after the quarter wave plate. The intensities of the two beams after the
Wollaston prism are di↵erent and not balanced. What we measure is the dif-
ference between the two orthogonal components of the sampling pulse, which
is proportional to the applied THz field amplitude.

Regarding phase measurements, calling the di↵erential phase retardation
of the sampling beam, due to the electro-optic e↵ect, �� and supposing it
much less than one (which is a good approximation for EOS). It is given as

�� = (ny � nx)
!L

c
=

!L

c
n3

0r41ETHz (2.20)
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Figure 2.12: Development of sampling beam polarizations with and without a THz field

Thus the intensity of the two orthogonal beam detected are:

Ix =
I0

2
(1� sin ��) ⇡ I0

2
(1���) (2.21)

Iy =
I0

2
(1 + sin ��) ⇡ I0

2
(1 + ��) (2.22)

where I0 is the intensity of the sampling beam before the Wollaston prism.
The di↵erence of the two intensities is proportional to the THz field amplitude
as:

�I = Iy � Ix = I0�� =
!LI0

c
n3

0r41ETHz / ETHz (2.23)

2.4 Determination of optical properties

The main advantage of Terahertz time domain spectroscopy is the direct
measurement of the electric field. This provides amplitude and phase infor-
mation on the transmission coe�cients of the sample and allows to extract
information for both real and imaginary parts of complex optical constant.

Optical properties of a medium are described by the complex dielectric
function, the optical conductivity and the complex refractive index:

"̃(!) = "1(!) + i✏2(!) (2.24)
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�̃(!) = �1(!) + i�2(!) (2.25)

ñ(!) = n(!) + ik(!) (2.26)

All this quantities are connected by following relations:

"̃(!) = ñ(!)2 (2.27)

�1(!) = �!✏0✏2(!) (2.28)

�2(!) = !✏0 ("1(!)� 1) (2.29)

Given two THz pulse in time domain, obtained by two THz measure-
ment, the first with the sample (Es) and the second, the reference pulse(E0),
without the sample. By dividing their Fourier transform we obtain:

Es(!)

E0(!)
=

|Es(!)|
|E0(!)|e

i(�s(!)��0(!)) =
|Es(!)|
|E0(!)|e

i�� (2.30)

We know also, using Fresnel equation for the transmitted field of a pulse
moving between media of di↵ering refractive indices,that:

Es(!) = E0(!)t1t2e
i�ñ(!)!

d c (2.31)

In which �ñ(!) is the di↵erence between the complex refraction index of
sample ñs and air ñ0, c is the speed of light, d is the thickness of the sample
and t1,t2 are the Fresnel factors of the two interfaces, given by:

t1t2 =
4ñairñs

(ñair + ñs)
2 (2.32)

By substituting Eq. 2.31 in Eq. 2.30,considering n0 = 1 an k0 = 0 because
the reference measurement is in air we obtain:

|Es(!)|
|E0(!)|e

i�� = t1t2e
�ks(!)!d

c ei(ns(!)�1)!d
c (2.33)

Then it follows:

|Es(!)|
|E0(!)| = t1t2e

�ks(!)!d
c (2.34)

�� = (ns(!)� 1)
!d

c
(2.35)

Now we can find an explicit expression for the real an imaginary parts of the
complex refractive index:

ns(!) = ��
c

!d
+ 1 (2.36)

ks(!) = � c

!d
ln

 
|Es(!)|
|E0(!)|

(1 + ns(!))2

4ns(!)

!

(2.37)
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The procedure demonstrates the power of the THz time domain spectroscopy
because, given the real an imaginary parts of complex refractive index is
possible obtain all the optical properties of the sample, using Eq. 2.27; 2.28;
2.29. It is also possible find the absorption coe�cient ↵(!) which is defined
by the following equation:

Is

I0
= t1t2e

�↵d (2.38)

Where I0 and Is are the intensities. Then:

↵(!) = �2

d
ln

 
|Es(!)|
|E0(!)|

1

t1t2

!

(2.39)

2.5 Free Electron Laser

Another method to produce THz radiation is using a Free Electron Laser
(FEL) The underlying physical process behind FELs is applicable to a wide
spec- tral range from microwaves to x-rays. Free-electron lasers (FELs) use
a relativistic electron beam passing through a wiggler, a series of magnets
arranged to supply periodic, transverse magnetic field, to generate coher-
ent electromagnetic radiation. The periodically alternating magnetic field
forces a sinusoidal oscillation of the electrons, and hence the radiation is
monochromatic. The radiation wavelength is determined by a small number
of parameters: the wiggler period, the magnetic field strength, and electron
beam energy. FELs can also produce high-power radiation because they are
free of the conventional problems of high-power laser systems such as thermal
lensing and material damaging. In a FEL resonator a laser beam copropa-
gates with an electron beam periodically modulated by a wiggler magnet
array as can we see in fig 2.13 The electron travels at relativistic velocity so a
relativistic analysis is required. In the frame moving with the mean velocity
of the electrons, the electron motion is described as a harmonic oscillation
around the cavity axis, and oscillating electron emits radiation. In the rest
frame, most of the radiation power is collected in the forward direction near
the electron beam axis. The relativistic Doppler e↵ect asserts that the rest-
frame wavelength undergoes a severe spectral blue-shift along in the forward
direction:

� =
�0

�
⇣
1 + v

c

⌘ ⇡ �0

2�
(2.40)

where � and �0 are respectively the wavelengths in the rest and moving frames
and � is the Lorentz factor. If the magnetic field is weak enough that the
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Figure 2.13: Schematic diagram of a FEL. The relativistic electron beam passes through
a periodically alternating magnetic array called a wiggler or an undulator. The alternating
magnetic field forces the oscillation of electrons, which generates coherent electromagnetic
radiation

electron motion perpendicular to the beam axis is non-relativistic then � is
attained by simple reasoning. In the moving frame, the electrons see the
contracted period of the wiggler array:

�0w =
�w

�
(2.41)

where �w is the wiggler period. The resonance condition condition (�0 = �0w),
combined with the two precedent equation, leads to:

� =
�w

2�2
(2.42)

With the magnetic field e↵ect being taken into account, the rest-frame wave-
length is expressed as:

� =
�w

2�2

⇣
1 + 2

⌘
(2.43)

in which  is the wiggler parameter expressed as:

 =
eB�w

2⇡mec
(2.44)

The wiggler parameter is usually close to unity in order to maximize the
radiation power and to constrain the wavelength. Interacting with the wiggler
field and the radiation, the electron beam is bunched, where the modulation
period matches the laser wavelength. This bunching e↵ect is crucial to the
radiation being coherently amplified. The laser beam is amplified through
the synchronization between the radiation field and the electron oscillation.
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Figure 2.14: This figure show an image of Alligned MWCNT (a) and the structure of a
single MWCNT (b)

2.6 Carbon nanotubes

Carbon has the ability to exist in many di↵erent forms is due to the fact that
carbon’s four valence electrons may hybridize in many ways. This hybridiza-
tion may be sp, sp2 or sp3, allowing carbon to form linear chains, planar
sheets and tetrahedral structures. sp2-bonded carbon can form a honeycomb
crystal lattice, one atom thick, known as graphene [8]. This one atom thick
sheet of carbon is the building block of many carbon nanomaterials.

Carbon nanotubes (CNT) are members of the fullerene structural family.
They are allotopes of carbon with cylindrical structure with the walls formed
by one-atom-thick sheets of graphene. These sheets of graphene are rolled at
specific and discrete angles which determines the properties of the nanotubes.

Nanotubes are categorized as single-walled nanotubes (SWCNT) and
multi-walled nanotubes (MWCNT), depending on the number of layers which
constitute the CNT.

While initial investigations on these materials concentrated on DC char-
acteristics, recent theoretical studies have instigated a flurry of new exper-
imental activities to uncover unusual AC properties. These properties are
inherently related to their unique, low-dimensional band structure, combined
with many-body interactions of quantum-confined carriers. In the presence
of external magnetic fields and electric fields, certain types of nanotube de-
velop strong THz optical transitions, giving rise to the possibility of utilizing
them as highly tunable, optically-active materials in THz devices.

In our case the most interesting property is the highly anisotropy of
aligned carbon nanotubes. In fact their exceptional 1D structure implies that
the conductivity is highly anisotropic. Nanotubes belong as a metal along
their direction, therefore perpendicularly to their axis carbon nanotubes do
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not conduct. Figure 2.14 shows an overview of an alligned MWCNT layer
and the structure of a single MWCNT.
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Chapter 3

Experimental set-up

This chapter describes the experimental set-up used for time domain spec-
troscopy. This is one of the best for material characterization in THz regime,
especially for the low noise to signal ratio. Figure 3.1 show a schematic
diagram of experimental setup.

Figure 3.1: experimental set-up

The laser source produces a beam at 800 nm. A beam splitter divides
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the main beam: the 70% part which passes trough is called generation beam
and the 30% part which is reflected is the sampling beam.

The generation beam passes trough a �/2 lens and a polarizer which sets
the polarization of the THz beam in order to have the maximum intensity for
the generation beam for every direction of polarization. A chopper sets the
reference frequency for the lock-in acquisition system. Then the beam passes
trough the ZnTe crystal which produces the THz pulse. The first parabolic
mirror parallelizes the THz beam whereas the second ones focuses the beam
on the sample. A piece of paper blocks the remaining part of the 800 nm
beam. The third parabolic mirror reparallelize the THz beam and the last
one focuses the beam on sampling ZnTe crystal.

The sampling beam passes on a slide, in order to change the length of the
optical path, then it is focused on the ZnTe sampling crystal in which there
is the electro-optical sampling. The sampling beam passes trough a hole
in the fourth parabolic mirror in order to have the sampling and the THz
beam collinear, in spatial and temporal coincidence. Now the beam passes
trough a �/4 lens and than a Wollaston prism separates the two orthogonal
components of the beam’s polarization which are recorded by two detectors.

3.1 Laser system

The laser system is composed by three elements:

• Coherent Verdi V10: is the optical pump of the oscillator. it emits
monochromatic radiation with wavelength of 532 nm and power of 4
W;

• Coherent Mira 900: is a Ti:sapphire mode-locked oscillator which gen-
erates short laser pulses (130 fs) with wavelength 800 nm and with a
repetition rate of 76 MHz;

• Pulse Switch cavity dumper: It is an intra-cavity acousto-optical switch
used to reduce the repetition rate of the Mira 900 and increase the
energy of the output pulse.

The cavity dumper increase the cavity length, so the repetition rate decrease
to 54.3 MHz . In the measurement the division rate of the cavity dumper
is set to 100, so the repetition rate of the laser system is 543 KHz and the
average power is about 20 mW. Now It’s possible to find the energy and the
power of a single pulse. It follows:

Ppeak = 0.28 MW Epulse = 36.8 nJ
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3.2 �/2 and polarizer

Using a �/2 lens and a polarizer it is possible to obtain the maximum in-
tensity for every polarization of the generation beam, maximizing the THz
generation process. The �/2 plate is an optical device which introduces
a phase shift of ⇡/2 between the two orthogonal axis of the crystal. The
waveplates are constructed of birefringence material. The refraction index of
this material is di↵erent for di↵erent orientations of the light passing trough
it. The polarizer selects the polarization of output light, in fact transmits
only the component of the incident field directed along his transmission axis.
Combining these two optical devices is possible to obtain every polarization,
maximizing the intensity, of the generation beam.

3.3 Parabolic mirrors

In this setup we use four parabolic mirrors, with a gold coating, to lead the
THz beam. Parabolic mirrors don’t have spherical or chromatic aberration
and the large area allows to collect the entirely THz radiation. They are used
to paralelize and fucus the THz beam and the last one has a hole passing
trough in order to have the sampling beam collinear and in spatial coincidence
whit the THz beam. Figure 3.2 shows a scheme of a parabolic mirror and
how it focuses a parallel beam

Figure 3.2: Scheme of a parabolic mirror
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3.4 Lock-in amplifier

The basic idea of the lock-in amplifier is the detection of a signal modulated
at a reference frequency, named also as phase-sensitive detection. With this
acquisition system is possible to isolate the signal from the noise at frequen-
cies di↵erent from the reference one (3 kHz in our case).

The lock-in receives as input the amplified di↵erence between the two
intensity detected by the photo-diodes (which can be written as a sine wave
with amplitude Vsig and phase �sig), ad the reference signal from the chopper
along the generation path (written as a sine wave too with amplitude Vc and
phase �c). Then the outputs are two components in the form:

X = VcVsigcos(�sig � �c) Y = VcVsigsin(�sig � �c)

The phase dependency can be removed by computing the magnitude R
of the signal:

R =
p

X2 + Y 2

3.5 Quarter wave plate and Wollaston prism

The Quarter wave plate is similar to the �/2. The only di↵erence is in the
fact that this one introduce a phase of ⇡/4 between the the two orthogonal
axis of the crystal.

The Wollaston prism is an optical device that separates light into two
orthogonal linearly polarized outgoing beams. It consists of two orthogonal
calcite prisms, cemented together on their base to form two right triangle
prisms with perpendicular optic axes. on the diagonal surface, as can we see

Figure 3.3: Wollaston prism

in fig 3.3 , There the e-ray becomes an o-ray, changing its refractive index
accordingly and vice versa. In calcite ne < no so the e-ray is bent away from
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the normal to the interface, and the o-ray is bent toward the normal to the
interface.

3.6 Acquisition system

The two photo-detectors used in this setup are connected to an amplifier
which return the amplified di↵erence between the two signals. The last one
is the input of the lock-in which return the X and Y value. We set the lock
in sensibility to 100 µV and the integration time is 100ms. The output is
converted into a digital signal. In the end the Labview program allows the
control of acquisition parameters and the movement of the slide.

3.7 Sample

The sample is a layer of oriented multi-walled carbon nanotubes. The carbon
nanotubes investigated were aligned, free standing MWCNTs, synthesized
by thermal chemical vapour deposition in a cold-wall reactor (Aixtron Ltd.).
Vertically aligned nanotube forests were grown on thermally oxidized Si sub-
strates (200 nm SiO2) coated with 10 nm Al2Ox (magnetron sputtered) and
1 nm Fe (thermally evaporated). Aligned free-standing MWCNT thin films
were fabricated by solid state pulling. MWCNT bundles were pulled mechan-
ically from a pristine source nanotube forest, several hundred micrometers in
length, obtaining continuous yarns/thin films of high purity MWCNTs.

The MWCNTs are approximately 500µm in length, 25 ± 13 SD (Standard
Deviation) nm in diameter and consisted of typically 2-5 graphitic walls.
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Chapter 4

Experimental Results

In this chapter we present the experimental results obtained by THz time-
domain spectroscopy. First, we will show the di↵erence between the signals
acquired in air and in nitrogen. Then, we will present the measurements
of the transmittance of the V-MWCNT sample as a function of the angle
between the THz field polarization and the axis of the nanotubes. At least,
we will show the complex refractive index of the sample calculated from the
Fourier Transform of the time domain signals.

4.1 In air measurement

It is known that water is a strong absorber for THz radiation. The atmo-
sphere opacity at THz frequency is due to the presence of water vapour. In
fact water molecules have resonances in the THz region. The absorption due
to these resonances is the predominant process of THz attenuation in air.

To remove the influence of the water vapour absorption we use a box in
which we pump nitrogen gas. With this method we create an over-pressure
of N2, sending out the water vapour molecules. This method clean up the
spectrum removing water absorption lines as we shall see later.

Figure 4.1(a) shows the time domain signal of the electric field for in-air
measurements (red line) and for in-nitrogen measurements (black line). It is
possible to see the di↵erence between the two traces caused by the presence
of water vapour in air. The long time oscillations of the in-air signal are due
to the absorption of the water molecules in air. For the In -nitrogen signal
we see that the long time oscillations vanish, leaving only the rectified THz
field. In fact absorbtion by Water vapour focuses on specific frequencies, so
the long time oscillations are due to the fact that the in-air signal in frequency
domain is not a gaussian like the in-nitrogen measurement.
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Figure 4.1: In air and in nitrogen time domain signal (a) and frequency domain signal
(b)

Figure 4.1(b) shows the Fourier Transforms of the two signals. The water
transmission spectra (red line) has many absorption peaks, as compared to
the in-nitrogen spectrum(black line). Water molecules have five principal
absorption peak in THz range. the first located at ⌫ = 1.1THz, the second
one at ⌫ = 1.4THz, the third one at ⌫ = 1.65THz, the fourth at ⌫ = 1.85 THz
and the fifth at ⌫ = 2.2 THz. There are also many other minor absorption
peaks at di↵erent frequencies. On the other hand the in nitrogen spectrum
is cleaner and there is no traces of water vapour absorption peaks.

It is also important to consider that the spectral content in these two
measurement rapidly decreases after 2.5 THz. This behaviour is due to the
absorption process of the ZnTe crystal related to a transverse optical (TO)
phonon at ⌫ = 5.32 THz as said in section: 2.2 where we report the absorp-
tion coe�cient of the ZnTe as a function of frequency. This fact limits the
frequency range of validity of this spectroscopy setup approximately between
300 GHz and 2.5 THz.

Comparing our in-air transmission spectrum with the water vapour trans-
mission spectrum in literature, we see a correspondence between the peaks
of the two traces, as can we see in figure 4.2, considering the frequency range
included between 0.5THz and 2.5THz. The fact that at one peak in our
measurement correspond more narrow peaks in the water vapour transmis-
sion spectra is due to a lower resolution of our setup. In conclusion, we have
demonstrated that the presence of water vapour in air is the predominant
process of THz attenuation in air.
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Figure 4.2: Comparison between Water vapour transmission spectra (black line) and our
in-air measurement (red line). The position of the absorption peaks correspond in the two
traces

4.2 Carbon Nanotubes

We have just seen that the presence of water vapour in air is responsible for
the attenuation of the THz radiation. Therefore, all the measurement of the
oriented multi-walled carbon nanotubes(MWCNT), that will be reported in
the following, have been performed under nitrogen flux.

We perform measurement of the THz transmissivity of MWCNT as a
function of the angle (✓) between the THz field polarization and the main
axes of the nanotubes, as can we see in figure 4.3.

Once recorded the transmitted THz field for di↵erent angles, ✓, we per-
formed the Fourier transform of the time domain signal. In this way we
extrapolated the transmissivity of the sample as a function of the frequency.
We present the experimental results in Figure 4.4 in which figure (a) shows
the time domain THz pulse transmitted trough the sample, acquired for dif-
ferent ✓. Figure (b) shows the Fourier Transforms of the time domain signals.

The data Exhibit a strong polarization anisotropy. In fact, the sample
transmits almost completely the THz field for polarization direction perpen-
dicular to the nanotube axis (✓ = 90o). For polarization direction parallel to
the nanotubes axis(✓ = 0o) the sample absorbs most of the incident radiation
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Figure 4.3: Scheme of THz spectroscopy of multiwall oriented carbon nanotubes. E0 is
the incident THz field, Et is the transmitted field, ✓ is the angle between incident THz
field polarization and the axis of carbon nanotubes

Figure 4.4: Time domain transmitted field (a) and the Transmission spectra (b) are
shown as a function of theta. The reference signal is the black line. The blue and the
red lines represent, respectively, the signals acquired at ✓ = 0o and = 90o. Gray lines
represent intermediate signals acqired for di↵erent values of ✓
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Figure 4.5: The transmittance of the sample is reported as a function of frequency (a)
and of the angle ✓ (b). (a) the blue and the red line represent, respectively, the minimum
(✓ = 0o) and the maximum (= 90o)transmittance. Gray lines represent the intermediate
transmittance for di↵erent values of ✓. Figur b) shows the transmittance, averaged over
the whole spectrum, as a function of ✓.The error bars, accounting for the experimental
uncertainties have been estimated at 10 % of the value taking account of experimental
errors. The function used for the fit is Eq. 4.3

By inspecting the spectra of the signal we don’t distinguish any definite
absorption peak. To better understand the absorption of the sample in THz
range, we calculated the transmittance of the sample as a function of ✓, given
by:

T (!) =
|Et(!)|
|E0(!)| (4.1)

Obtained by simply dividing the spectrum acquired with the sample by the
reference spectrum. We report the results in figure 4.5(a) .

We see that the absorption by the sample at all THz frequencies is sub-
stantially flat, for every value of ✓. The small oscillations at low frequencies
are an artifact, related to both the generation and detection method. This
enables us to calculate the average value of transmittance between the fre-
quencies included in the range from 0.5 THz to 2.5 THz. We report the
average transmittance on the whole spectrum as a function of ✓ in figure
4.5(b). We note that for ✓ = 0o/180o the transmittance of the sample is in a
minimum, while for ✓ = 90o the Transmittance is maximum. The behaviour
of transmittance is also symmetric respect to the maximum.
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This oscillating behaviour recalls what is expected for a perfect polarizer
placed in a polarized beam, as described by the Malus law. Malus law states
that the intensity, I, of the light that passes through the polarizer is given
by:

It = I0cos
2(✓) (4.2)

In our case we use a modified version of Malus law, considering that in
our measurement there is not the complete extinction of the signal, in the
form :

Tavg = a + bcos2 (✓ �X0) (4.3)

The fit demonstrates that the behaviour of the transmittance as a function
of the angle ✓ follows the Malus law. In other words, the sample transmits
THz radiation only when the incident field’s polarization is perpendicular
to the nanotubes axis. This allows us to assume that the aligned MWCNT
sample work as a THz polarizer.

Polarization anisotropy in the THz range was first noted by Jeon and
co-workers by using partially aligned single wall nanotube films [3]. More
recently, using extremely well aligned ultralong carbon nanotubes, Ren and
co-workers demonstrated that carbon nanotubes can be perfect THz polar-
izers [4]. Kyoung and co-workers used aligned multi-wall carbon nanotubes
to demonstrate similarly strong anisotropy [5].

Actually most common THz polarizers are wire grid polarizer, which con-
sists of a regular array of fine parallel metallic wires, placed in a plane perpen-
dicular to the incident beam. Electromagnetic waves which have a component
of their electric fields aligned parallel to the wires induce the movement of
electrons along the length of the wires. Electric field components parallel to
the wires are reflected, than the transmitted wave has an electric field purely
in the direction perpendicular to the wires.

The possibilities to use alligned carbon nanotubes as THz polarizers sub-
stituting conventional wire grid polarizers are real. In fact the Malus law
fit well our sample’s transmittance behaviour as a function of theta. Also,
despite the macroscopic thickness of the layers, for polarizations normal to
the nanotube axis there is almost zero absorption which means that Carbon
nanotubes polarization anisotropy is based on the intrinsic properties of the
tubes, rather than geometric e↵ects like wire-grid polarizers, so this devices
can operate beyond the THz range.

Another characteristic property of our sample is the flat behaviour of
transmittance as a function of frequency. This enable MWCNT to operate
as polarizer over the frequencies range of our spectroscopy. With respect to
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the SWCNT, which have a strong plasmonic absorption peak in THz range,
MWCNTs do not present absorption peaks in THz range. For better evaluate
the possibility to use aligned carbon nanotubes as THz polarizer it will be
necessary to perform additional studies over di↵erent frequency ranges. More
interesting results, in terms of the degree of polarization and the extinction
ratio, could be reached by using more layers of aligned carbon nanotubes, as
demonstrated for highly oriented SWCNT by Ren [6].

Figure 4.6: This figure shows the real (a) an imaginary (b) part of the complex re-
fractive index of the sample as a function of frequency. in figure a the blue and the
red line represent respectively the measurement with minimum (✓ = 0o) and maximum
(✓ = 90o)transmittance. Gray lines represent refractive index of the sample for di↵erent
orientation of the sample.

Finally we report the real and imaginary parts of the complex refractive
index obtained, from the amplitude and the phase of the Fourier transform
of the signal, using Eq: 2.36 and Eq: 2.37. Figure 4.6 shows the behaviour of
the real (a) and imaginary parts of the complex (b) refractive index, written
in the form ñ = n + ik, as a function of the frequency and for fixed value of
✓.

It is possible to see that the imaginary parts of the complex refractive
index (k index) is larger in the case of minimum transmission (✓ = 0o) than
in the case of maximum transmission (✓ = 90o). This behaviour agrees with
the theoretical prediction because the extinction coe�cient is strictly related
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Figure 4.7: The figure shows the real (red line) and imaginary part (blue line) of the
complex refractive index of the sample as a function of frequency in the case of maximum
(a) and minimum transmission (b). The curves are interpolated with function 4.7 derived
from Drude model. Parameter e inf is "inf , w p is !p and G is �

to the absorption coe�cient (↵) of a medium:

↵ =
4⇡k

�
(4.4)

Evaluating the real part of the complex refractive index, we note that
it is ✓-independent, except for low frequencies oscillations probably due to
experimental artifacts. The n index value is the same for di↵erent angle
between nanotube’s axis and incident field polarization. This conclusion
rules out the possible birefringence of carbon nanotubes.

We also observe a metallic behaviour for the real and imaginary parts of
the complex index of the sample. In fact k index shows an increase at low
frequencies we introduce the Drude model to evaluate the experimental data.

Drude model approximates the metal as a mass of positively-charged ions
from which a number of ”free electrons” are detached. The Drude model
neglects any long-range interaction between the electron and the ions or
between the electrons. The only possible interaction of a free electron with
its environment is via instantaneous collisions. The average time between
subsequent collisions of such an electron is ⌧ . The complex permittivity,
written in the form: "̃ = "1 + i"2, is given by equations:
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"1 = "inf �
!2

p

!2 + �2
(4.5)

"2 =
!2

p�

! (!2 + �2)
(4.6)

In which !p is the plasma frequency defined as !p = 4⇡Ne2

m
(N is the num-

ber of charge carriers and m the mass of them),� is defined as 1
⌧

(⌧ is the
scattering time and � is the scattering rate or damping) and the parameter
"inf is the permittivity of the MWCNT network which takes into account
every process at high frequency of carbon nanotubes. Considering the rela-
tion between complex refractive index and complex permittivity, given by eq
[2.27], and combining it with last two equation we obtain:

ñ = n + ik =
p

"̃ =

vuut
✓
"inf �

!p

!2 + �2

◆
+ i

 
!p�

! (!2 + �2)

!

(4.7)

Using this equation to interpolate, both real and imaginary parts of the
refractive index for the cases of maximum and minimum transmission. We
report the results in figure 4.7.

We see that Drude model fits well the behaviour both of real and imag-
inary parts of refractive index. The plasma frequency and the scattering
rate obtained from the fit of the imaginary part of the refractive index also
fits well the real part of the refractive index. We see that the value of the
plasma frequency is smaller for maximum transmittance and the scattering
rate varies less than !p between the two cases. This means that for polar-
ization of the incident wave parallel to the nanotube axis, the absorption is
due to the larger number of charge carriers, since !p depends linearly from
the numbers of charge carriers.
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Chapter 5

Conclusions

The aim of this work has been the study of the THz optical properties of an
oriented multi-walled carbon nano-tubes sample (V-MWCNT) using a setup
for time-domain terahertz spectroscopy at room temperature.

The generation and the detection of THz pulses has been described as
a non-linear optical e↵ects of ZnTe crystal: the optical rectification process
for generation of THz pulses and the electro optic e↵ect for the detection.
The elctro-optical sampling technique has the unique advantage of directly
accessing the complex THz field, allowing us to extract information about
the amplitude and the phase of the electric field simultaneously. We demon-
strated also that the optical properties of the sample can be extracted from
the amplitude and the phase of the transmitted signal.

Before the measurements of the carbon nanotubes, we have studied the
propagation of THz pulses in air. We investigated the THz absorption due
to the presence of water vapour in air, which determines the air THz atten-
uation. As far as the A-MWCNT are concerned, we have performed mea-
surement of the transmitted THz field as a function of the angle between the
polarization of the incident field and the nanotube axis. We found a strong
polarization anisotropy. For polarization of the incident field perpendicular
to nanotube axis, the THz field is almost completely transmitted while for
polarization parallel to nanotube axis the sample shows high absorption.

Studying the absorption properties of the nanotubes we have found that
they present a flat transmittance spectrum in the frequency range of this
analysis( from 0.5 THz to 2.5 THz). We have also evaluate how this behaviour
can lead to a new applications of nanotubes as Terahertz polarizers.

Finally complex refractive index has been calculated. We showed that the
Drude model describes well the behaviour of the complex refractive index of
V-MWCNT. We also demonstrated that the conductivity of the nanotubes
along their directions is due to a increasingly number of charge carriers in the
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case of maximum absorption as compared to the case with minor absorption.
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