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Different materials including nonlinear crystals, nanowires, 2D aluminum gratings,

organic liquids, and polystyrene particles are characterized using THz time-domain

spectroscopy based on asynchronous optical sampling. Generated THz radiation

by surface-field screening in semiconductors and optical rectification in nonlinear

crystal are demonstrated in this dissertation. Significant birefringence and optical

phonons are observed in the investigated nonlinear crystals. The temperature

dependence of free carriers and anharmonic decay of optical phonons in LiInSe2 is

investigated using low-temperature THz time-domain spectroscopy. The complex

conductivity of TiO2 nanowires in the THz frequency region is quantitatively

determined, and the influences of doping as well as post-annealing conditions

on the complex conductivity are presented. Surface plasmon resonances in the

THz frequency range are observed in 2D aluminum gratings fabricated on silicon

substrates with different lattice constants and shapes, which agree well with the

theoretical interpretation. The quantitative determination of the temperature

dependent refractive indices and absorption coefficients of several organic liquids in

the THz frequency range are demonstrated by performing transmission THz time-

domain spectroscopy measurements. The extinction coefficients of polystyrene

particles in the THz frequency range are calculated.
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Chapter 1

Introduction

1.1 THz Radiation and Applications

Terahertz (THz) radiation is located between the microwave on the lower frequency

end and infrared on the higher frequency end in the electromagnetic spectrum,

which typically ranges from 100 GHz to 10 THz (Fig. 1.1). A frequency of 1

THz corresponds to a wavelength of 300 µm (33.3 cm−1) and a period of 1 ps.

It has a photon energy of 4.14 meV and corresponds to a thermal energy at a

temperature of 48 K. Both ends of the spectrum have been widely studied and

developed. However, due to the lack of efficient sources and detectors, the THz

frequency regime was referred to as the “THz gap”, and had not been intensely

studied and applied before 1990s.

Figure 1.1: Illustration of the electromagnetic spectrum from the radio to the
X-rays regime, enclosing the “THz gap” located between the microwave and the
infrared frequency range.

THz waves have excellent penetration through non-metallic materials and enable

objet imaging [1]. In addition, THz radiation will be one of the potential

supplement to X-rays in surveillance and manufacture quality checking [2], because

it does not do harm to human body. Due to the combination of ultrashort laser

1



Chapter 1. Introduction 2

and semiconductor technologies, the field of THz generation and detection has

been greatly revolutionized. A semiconductor can become photoconductive for

a short time interval once pumped by an ultrashort laser pulse. Because of the

short pulse duration of the pump laser, the generated pulse lies in the picosecond

range with the frequency spectra in THz range. Additionally, the optical sampling

technique made coherent detection of THz pulses available, which is essential to

THz time-domain spectroscopy (THz-TDS).

THz-TDS based on femtosecond optical pulses was firstly introduced at the

end of 1980s [3, 4]. With THz-TDS, both the amplitude and the phase of the

transmitted or reflected THz pulse can be obtained at the same time, therefore

the dispersion and absorption of the sample can be quantitatively determined

simultaneously without applying Kramers-Kronig relations [5] as it is necessary in

Fourier transform spectroscopy.

Nowadays, THz-TDS has been developed into a pivotal and powerful tool to

exploit unique characteristcs of solids, liquids, and gases [6–9], because many

important excitations and dynamical phenomena occur in the THz frequency

range. Low-frequency eigenmodes such as molecular vibrations and rotations in

large molecules, intermolecular vibrations, and lattice vibrations in semiconductors

exhibit resonance frequencies in the THz frequency range. Additionally, THz-TDS

can be used to detect explosives and illicit drugs, pharmaceutical products, and

so on.

1.2 Overview of This Dissertation

The main goal of this dissertation is to investigate different kinds of materials using

THz-TDS. Some results of THz generation from semiconductors and nonlinear

crystals are also supplemented into this work. Besides the introduction part in

Chapter 1 and the conclusion part in summary and outlook, the dissertation is

structured as follows:

The fundamentals of THz-TDS are discussed in Chapter 2. After introducing

THz generation and detection techniques with femosecond laser, a conventional

four-mirror transmission geometry THz-TDS setup in combination with asyn-

chronous optical sampling setup is described. Then the analysis method of material

characterization using THz-TDS is demonstrated and the defocusing effect in

focused beam THz-TDS setup is discussed by applying Gaussian beam and the

ABCD method to describe propagation of the THz beam.

In Chapter 3, we present optical properties and birefringence of various nonlinear

crystals. The pronounced optical phonons in the crystals are discussed in more

details, and the lattice vibrations of the crystals are analyzed on the basis of

the THz-TDS measurements in combination with infrared and Raman spectra

reported in literature previously. The origin of the low-frequency vibrational



Chapter 1. Introduction 3

modes in the THz frequency range as interatomic bond-bending modes is revealed.

Furthermore, the temperature dependence of free carriers and optical phonons in

LiInSe2 (LISe) is investigated by using low-temperature THz-TDS. Finally we

briefly present the generated THz radiation from AgGaSe2 (AGSe) by optical

rectification.

With THz-TDS, complex dynamical conductivity of nanostructures can be

determined without the need for electrical contacts. This is of importance for

characterization and development of new nanostructured solar cell materials. In

Chapter 4 we present the evaluation method of the complex conductivity of

nanowires based on the corresponding THz time-domain data.

In Chapter 5, we present surface plasmon polaritons (SPP) in 2D aluminum

gratings in the THz frequency range. Many materials exhibiting poor metal-like

properties in the visible region behave as perfect electric conductors in the THz

frequency regime. Additionally, micrometer-scale structures fabricated with these

materials shows SPPs when interacting with THz radiation, which has evoked

considerable interests since the past decades.

Chapter 6 consists of two parts, one is on organic liquids, and the other is on

polystyrene particles. Liquids were mostly investigated by THz reflection time-

domain spectroscopy because of their significant absorption to THz radiation.

However, THz transmission measurement will provide more accurate results owing

to the sufficient interaction between the THz radiation and the sample and the

advantage of being less sensitive to the THz polarization. By measuring THz

transmission of particles, we can extract information about the arrangement of

the particles including the particle size and the packing fraction. Furthermore,

the extinction coefficient of particles can be evaluated according to Lambert-Beer’s

law.



Chapter 2

Fundamentals of Terahertz

Time-Domain Spectroscopy

In this chapter, the fundamentals of THz time-domain spectroscopy (THz-TDS)

will be described. Firstly the important principles of THz generation and THz

detection will be discussed. This is followed by a description of the experimental

setup employed in this work. Finally the quantitative determination method of

THz optical properties of materials and THz propagation in the THz-TDS setup

will be demonstrated in details.

2.1 Generation of THz Radiation

There are various methods for generating THz radiation such as electronic sources,

frequency conversion of laser radiation, THz gas lasers and quantum cascade lasers

[10–13]. In the 1980s, a different approach for THz generation was pioneered by

Auston and Ketchen [14, 15], in which charge carriers in semiconductors are excited

by a femtosecond laser and then accelerated by the surface field or by an external

bias field. At present, ultrafast lasers have been widely employed to generate THz

radiation, such as acceleration of charge carriers in semiconductor surface fields,

photoconductive switches, and optical rectification. In this section we will pay

closer attention to these three kinds of THz generation mechanisms.

2.1.1 THz Generation from Surface Field

A bulk semiconductor is the most simple THz emitter. Pulsed THz radiation

can be generated by exciting semiconductors with femtosecond laser pulses with

a photon energy greater than the semiconductor band gap [16]. The created

charge carriers (electron-hole pairs) are then accelerated by the surface fields along

the field direction which is perpendicular to the semiconductor surface, and the

frequency of the radiated electromagnetic waves emitted by the charged carriers

4



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 5

lies in the THz frequency range. The two mechanisms for generating THz radiation

are the surface field and the photo-Dember effect, which occur at the same time

and are parallel or anti-parallel to each other.

Fermi Level

EC

EV

n-type SemiconductorAir

ld

j t( )

fs-laser pulse

Semiconductor

(a) (b)

Air

Figure 2.1: (a) Fermi level pinning at the surface of n-type semiconductor.
(b) Sketch of THz generation from a semiconductor surface illuminated by a
femotosecond laser pulse. The created electrons (blue circles) and holes (red
circles) are separated due to drift currents in the opposite direction.

The surface states of semiconductors shift the Fermi level and bend the energy

bands near the surfaces (Fermi level pinning), and form a depletion region and

thus a built-in surface electric field, which is normal to the surface. For n-type

semiconductors, e.g. n-doped GaAs, the conduction and valence bands are bent

upward and form a depletion layer of width ld near the interface (Fig. 2.1(a)).

When a femtosecond laser pulse illuminates the semiconductor surface with the

photo energy larger than the band gap, electron-hole pairs are created. Driven by

the built-in static field, the electrons move into the bulk and the holes move toward

the surface. The charged carriers are accelerated perpendicular to the surface and

the radiated electric field is emitted parallel to the surface (Fig. 2.1(b)).

j t( )

Semiconductor

800 nm
sub-100 fs laser

T z radiationH

Figure 2.2: THz generation from a semiconductor surface, which is irradiated
by a 800 nm sub-100 fs laser pulse under 45◦ incidence. The created electrons
(blue circles) and holes (red circles) are separated due to drift currents in the
opposite direction.
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If the effective masses of the electrons and the holes are significantly different,

then the THz generation is dominated by the much faster diffusion of the generally

lighter electrons, which is known as photo-Dember effect [17]. THz pulse generated

from semiconductor surface based on the photo-Dember effect was experimentally

realized using a conventional THz emission setup (Fig. 2.2), in which the

semiconductor is irradiated under 45◦ incidence by a Ti:sapphire laser pulse with

the photo energy larger than the band gap of the semiconductor [16, 18]. In Section

2.3.4 we will provide more details about THz generation from GaAs, InAs, and

InGaAs with this configuration.

2.1.2 THz Generation in Photoconductive Switches

Photoconductive THz emitters have become the most common and important THz

sources since the picosecond timescale electromagnetic transients were generated

and detected by Auston et al. in 1984 [14]. As illustrated in Fig. 2.3(a),

a photoconductive emitter basically consists of a high-resistivity semiconductor

which typically is low-temperature grown gallium arsenide (LT-GaAs), and two

metallic contacts serving as electrodes. Once irradiated by a femtosecond laser

pulse with the photo energy larger than the semiconductor band gap, the carriers

are created and then accelerated by the external electric field that is parallel to the

semiconductor surface. The induced drift currents between the electrodes result in

a time dependent polarization change in the switch, leading to a dipole emission

of electromagnetic radiation in the THz frequency range.

DC bias

T
z 

puls
e

H

optic
al p

ulse
semiconductor substrate

metal
electrodes

(a) (b)

Figure 2.3: (a) Sketch of THz generation in a photoconductive switch excited
by a femtosecond laser pulse. (b) The emitted THz electric field in the far field
(green solid curve) resulting from the first time derivative of the photocurrent
(blue dashed curve). The curves are calculated based on an optical pulse (red
dotted curve) with τc = 500 fs, τs = 30 fs, and τp = 50 fs.
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According to Maxwell’s equations, the emitted THz radiation detected in the

far field can be expressed as [19, 20]

~Eff
THz(~r, t) = − 1

4πε0c2

∂

∂t

∫
V ′

~j(~r ′, t− |~r−~r
′|

c
)

|~r − ~r ′|
d~r ′ (2.1)

where ε0 is the permittivity in vacuum and c is the speed of light in vacuum. ~r

is the position of the detection and ~r ′ is the integral variable over the optically

illuminated volume. ~j is the photocurrent density. Within the far field approxi-

mation, |~r − ~r ′| ≈ |~r| = r. Furthermore, the retard time can be neglected when

t � r/c. Assuming that the photocurrent density parallel to the semiconductor

surface is homogeneous in the whole volume, Eq. (2.1) can be simplified as

~Eff
THz(~r, t) ≈ −

1

4πε0c2

V

r

d

dt
~js (2.2)

which shows that the resulting THz field amplitude is proportional to the first

time derivative of the current density.

If we consider only dipole radiation for simplicity, the radiated THz electric field

can be expressed as

~Eff
THz(~r, t) =

1

4πε0c2r3
~r × (~r × d

dt
~js) (2.3)

In an Auston-switch like emitter, the photocurrent density ~j can be described

as a convolution between the pulse shape of the illuminating femtosecond laser

pulse and the response of the switch

~j(t) = qn(t)v(t) = q

∫ t

−∞
dt′Iopt(t− t′)n(t′)v(t′) (2.4)

where q, n and v are the charge, density and velocity of the carriers, respectively.

Iopt is the intensity profile of the optical pulse.

The time evolution of the photo-generated carriers density can be described as

dn(t)

dt
= −n(t)

τc
+ δ(t) ⇒ n(t) =

exp(−t/τc) for t > 0

0 for t < 0
(2.5)

where τc is the carrier lifetime and δ(t) is a Dirac delta function describing the

impulsive optical excitation.

Based on the Drude-Lorentz model, the average velocity of the carriers driven

by an electrical field E(t) obeys the following relation

dv(t)

dt
= −v(t)

τs
+

q

m∗
E(t) (2.6)
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where τs and m∗ are the scattering time and effective mass of the carriers,

respectively.

Figure 2.3(b) illustrates a photocurrent (blue dashed line) and the corresponding

emitted THz radiation in the far field (green solid line) induced by a Gaussian

optical pulse with a duration of 2
√

ln 2τp (red dot-dashed line) based on Eqs.

2.2 and 2.4, under the assumption of low carrier densities (below 1018 cm−3) and

constant effective mass. The parameters for this calculation are chosen as τc = 500

fs, τs = 30 fs, and τp = 50 fs. We can see that the radiated THz electric field is

dominated by the sharp rising edge of the photocurrent transient much faster than

the decay, and is almost not related to the long tail of the photocurrent decay.

Therefore, the waveform and bandwidth of the radiated THz electric field is mainly

determined by the duration of the ultrashort optical pulse [21, 22]. Semiconductors

like LT-GaAs with properties of high resistivity, high carrier mobility, and low

carrier lifetime are suitable to be used in photoconductive emitter for generating

broad-band THz radiation [23–25].

According to the equations above, the amplitude of the output THz electric

field from a photoconductive emitter depends on both the optical pump power

and the bias between the electrodes. When the optical pump power and the bias

are low, the amplitude of the radiated THz electric field is proportional to the

two parameters [26]. At high optical pump power, however, the power of the

radiated THz pulse will saturate due to the screening of the bias field by excited

photocarriers [19, 27–29]. Another disadvantage of such a photoconductive emitter

is that the bandwidth and the amplitude of the emitted THz electric field are

limited by the breakdown voltage and the optically excited area of the emitter.

These disadvantages were eliminated by microstructured large-area photocon-

ductive emitters [30], which are mainly used as THz sources in this dissertation.

With this kind of emitter, high electric field can be applied to the photoconductor

even using low bias voltage. Moreover, the optical pump power can be high-

efficiently utilized due to the large excitation area of the emitter. Fig. 2.4(a)

shows the basic scheme of the microsturctured large-area photoconductive emitter.

It consists of two interdigited finger electrodes fabricated on the surface of a semi-

insulating GaAs substrate with 5 µm spacing. A non-conductive layer is used to

shadow every second finger electrode gap, thus an unidirectional electric field in

the optically excited area is formed when an external bias is applied. Illuminated

by an ultrashort laser pulse, charge carriers are created and then accelerated in a

uniform direction over the whole excited area; hence the emitted THz radiation

from each spacing interferes constructively in the far field. Without the insulator

blocking every second finger electrode gap, however, the direction of the electric

field formed in the adjacent gaps will be opposite, then the emitted THz radiation

will interfere destructively in the far field (Fig. 2.4 (b)). In Section 2.3.3 we

will discuss further about optical pump power and bias voltage dependence of the
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emitted THz radiation from this kind of emitter.

SI-GaAs

Insulator

Metallic electrodes

+ +- -

+-

j(t)

+-

j(t)

+ +- -

+-

j(t) j(t)

+-

j(t)
+ -

fs laser pulse

fs laser pulse

THz pulse

(a) (b)

Figure 2.4: (a) Sketch of the microstructured large-area photoconductive
THz emitter. (b) The work principles of the microstructured large-area
photoconductive THz emitter.

2.1.3 THz Generation from Optical Rectification

Optical rectification is a second-order nonlinear effect. When an electromagnetic

field interacts with a nonlinear medium, a DC electric field will be produced due

to the frequency difference of two fields with the same frequency, which can be

described as

P (0) = χ(2)(ω,−ω, 0)E(ω)E∗(−ω) (2.7)

where P is the polarization, χ(2) is the second-order susceptibility, and ω is the

fundamental frequency.

When the energy of the electromagnetic field is sufficiently strong, large electron

displacement from equilibrium of the nonlinear crystals will be induced. The

accelerated motion of electrons forced by the external electromagnetic field will

induce radiation, and the nonlinear response will allow energy transfer among elec-

tromagnetic fields with different frequencies, which provides an efficient method

for generating THz radiation.

According to a Fourier transformation, the femtosecond laser with a short time

duration contains a broad frequency distribution in the spectrum. Interacting with

the nonlinear medium, the different frequency components of the femtosecond laser

pulse produce low frequency electromagnetic pulses through different frequency

generation (DFG), and typically the frequency is in the THz region. Because the
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frequency of the THz waves is much lower than that of the optical electromagnetic

waves, this frequency mixing can be regarded as optical rectification.

The nonlinear wave equation for describing THz generation and propagation

can be expressed as [31]

5×(5× ~ET )− ω2

c2
ε(ω) ~ET =

ω2

c2ε0

~P
(2)
T (2.8)

where ε(ω) denotes the frequency dependent dielectric tensor. ~P
(2)
T is the second-

order nonlinear polarization, which is the source for the THz electric field ~ET .

Assuming that an optical plane wave with linear polarization propagates in the

z-axis and combining Eq. 2.8 with Eq. 2.7, we obtain

∂2ET (z, t)

∂z2
− n2

T

c2

∂2ET (z, t)

∂t2
=

1

ε0c2

∂2P
(2)
T (z, t)

∂t2
=
χ(2)

c2

∂2|E0(z, t)|2

∂t2
(2.9)

where E0(z, t) is the amplitude of optical electric field.

Phase matching is an essential condition for THz generation with a nonlinear

medium, which allows for interaction between the optical and THz pulses and

improves the efficiency of the generation process. Phase matching requires energy

(frequency) and momentum (wave vector) conservation among the three different

electric fields involved in the frequency mixing processes, which is described as

ω1 − ω2 = Ω, ~k(ω1)− ~k(ω2) = ~k(Ω) (2.10)

where ω1 and ω2 are the frequencies of the optical waves involved in the frequency

difference precesses, and Ω is the frequency of the generated THz radiation. ~k(ω1),
~k(ω2), and ~k(Ω) are the corresponding wave vectors. Noting that Ω� ω1, ω2, Eq.

2.10 results in
∂ω

∂k(ω)
=

Ω

k(Ω)
(2.11)

This implies that the phase matching condition is satisfied when the phase velocity

of the generated THz radiation is equal to the group velocity of the optical

pulse, otherwise THz radiation at different positions in the medium will interfere

destructively, especially for thick media.

In anisotropic birefringent nonlinear crystals phase matching can be tuned by

adjusting the angle between the optical axis with respect to the polarization of

the incident laser beam. For optically isotropic materials without birefringence,

phase matching can be achieved through the anomalous dispersion introduced by

optical phonon absorption at the reststrahlenband located between the transverse

and longitudinal optical phonons, where the permittivity is negative [32].

In the far field the generated THz radiation is proportional to the second

time derivative of the polarization PT (z, t). For most nonlinear crystals we can
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introduce the angle dependent effective second-order susceptibility χ
(2)
eff to describe

the non-vanishing components of the tensor matrix. Thus the generated THz

radiation from the crystal will be tuned by adjusting the azimuthal angle between

the space coordinate and the crystallographic coordinate, which has been observed

in several zinc-blende crystals [33, 34].

In Section 3.5.2, we will briefly demonstrate the generation of THz radiation

from AgGaSe2 (AGSe) crystals excited by a 800 nm Ti:sapphire laser pulse under

normal incidence.

2.2 Detection of THz Radiation

Different methods to detect THz radiation have been developed. Basically all

methods can be grouped into incoherent or coherent detection schemes. With

incoherent detection systems such as bolometers, Golay cells and pyroelectric

detectors, only the intensity of the radiation can be directly detected [35, 36].

With coherent detection systems, on the other hand, both the amplitude and the

phase of the THz radiation can be measured simultaneously. The most important

and widely used coherent detection methods are the photoconductive detection

and the electro-optic detection. In this section we will concentrate on coherent

detection methods which are employed in this dissertation.

2.2.1 Photoconductive Detection

The underlying principles of the photoconductive detection method is almost

the same as that of THz generation from photoconductive emitter in Section

2.1.2. The carriers generated in a semiconductor like GaAs by a fs-laser are

accelerated by the THz pulse which arrives during the lifetime of the carriers.

This produces a photocurrent proportional to the amplitude of the THz electric

field focused on the photoconductive gap. Then the THz pulse can be retrieved

by measuring the average photocurrent with respect to the time delay between

the optical probe and the THz pulse [37]. For this kind of detection, LT-GaAs is

an ideal material in comparison to the other common semiconductors due to its

favorable short carrier lifetime which is less than 0.5 ps [24]. One disadvantage of

photoconductive detection is that a lock-in amplifier is indispensable to detect the

weak photocurrent and to improve the signal-to-noise ratio. In this dissertation,

our measurements rely upon the commonly utilized electro-optic (EO) detection,

which will be introduced in detail in the following section.



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 12

2.2.2 Electro-Optic Detection

Electro-optic (EO) detection has become an important and popular method to

detect THz radiation because of its broad bandwidth and the excellent feasibility

to measure the THz electric field quantitatively. Electro-optic detection is based

on the linear electro-optic effect (Pockels effect) where birefringence is induced in

a nonlinear EO crystal by an external electric field [38, 39]. The Pockels effect can

be regarded as the reverse process of optical rectification, which has similar phase

matching condition. In a nonlinear crystal, the applied electric field will change

the refractive index and induce birefringence that is proportional to the applied

field amplitude. Then the linearly polarized probe laser will become elliptically

polarized after interacting with the electric field of the THz pulse inside the crystal,

thus the amplitude of the applied field can be obtained by measuring the ellipticity

of the probe laser.

In the case of EO detection of THz radiation with the probe laser of 800 nm

wavelength, ZnTe crystals are widely used because of their satisfactory phase

matching condition [40]. Since the pulse duration of the fs-laser is much shorter

than that of the THz pulse, the waveform of the THz radiation can be retrieved

by varying the time delay between the THz pulse and the probe laser pulse.

Figure 2.5: (a) ZnTe crystal structure. (b) Angles of the THz and probe beam
polarization directions with respect to the z (001) axis of the ZnTe crystal. The
propagation directions of the THz and the probe beam are denoted by kTHz
and kO, respectively.

ZnTe is a non-centrosymmetric crystal and its unit cell is composed of Zn2+ and

Te2− ions, which is shown in Fig. 2.5(a). The higher electronegativity of Te in

comparison with Zn shifts the charge distribution of the chemical bond towards the

Te atoms, which brings about an asymmetric potential energy along the chemical

bond. For a zinc-blende crystal like ZnTe, the Pockels coefficient tensor expressed
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in the crystallographic coordinate system is given by [41, 42]

γ =



0 0 0

0 0 0

0 0 0

γ41 0 0

0 γ41 0

0 0 γ41


(2.12)

When a static electric field ~E = (Ex, Ey, Ez) is applied, the refractive index

ellipsoid will be modulated as [43]

x2 + y2 + z2

n2
+ 2γ41Exyz + 2γ41Eyzx+ 2γ41Ezxy = 1 (2.13)

where n is the refractive index without the external electric field. x, y, and z

define the crystallographic coordinate. γ41 is the Pockels coefficient. The phase

retardation between two orthogonal components is given as

∆φ =
ωd

c
∆n (2.14)

where d is the thickness of the crystal, ∆n is the refractive index difference between

the major and minor axis of the refractive index ellipsoid in the plane perpendicular

to the propagation direction. Under normal incidence to a [110] ZnTe crystal, ∆n

is given by [43]

∆n =
n3γ41ETHz

2
(cosα sin 2ϕ+ 2 sinα cos 2ϕ) (2.15)

where α and ϕ are the angles of the THz and probe beam polarization with

respect to the z-axis of the crystal, respectively (Fig. 2.5(b)). Eq. 2.15 shows

that the refractive index difference is proportional to the Pockels coefficient and

the amplitude of the THz electric field. Moreover, ∆n achieves its maximum value

when ϕ = α or ϕ = α+90◦. Under this condition the maximum phase retardation

∆φ between the two orthogonal components passing through the crystal with

thickness d is given by [44, 45]

∆φ =
ωd

c
n3γ41ETHz (2.16)

A typical balanced EO detection setup is illustrated in Fig. 2.6. Without THz

electric field, the linearly polarized optical probe beam propagating through the

ZnTe crystal will maintain its linear polarization, and the polarization will become

circular after a quarter-wave plate. The two orthogonal components with equal

intensity can be separated by a polarizing beam splitter cube (PBSC), and the
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Figure 2.6: Schematic of EO-detection setup. Both the THz beam and
the probe beam are focused on a ZnTe crystal. The probe beam passes
through a quarter-wave plate and a polarizing beam splitter cube (PBSC). Two
photodiode detectors are used for balanced detection.

signal is detected by balancing the two components to zero. On the other hand, if

a THz electric field overlaps with the probe beam in the ZnTe crystal, the induced

birefringence will change the linear polarization of the probe beam into an elliptical

polarization. The ellipticity proportional to the THz electric field can be recorded

by measuring the difference between the two orthogonal components separated by

the PBSC. Within the small phase retardation approximation, the intensities of

the two probe beams impinging on the balanced photo diode detector are [40]

I1,2 =
I0

2
[1± sin(∆φ)] ≈ I0

2
(1±∆φ) (2.17)

where I0 is the intensity of the incident probe beam. Therefore the intensity

difference between the two signals detected by the balanced photo diode detectors

is given by

∆I = I1 − I2 = I0∆φ = I0
ωd

c
n3γ41ETHz (2.18)

Thus the THz field amplitude can be obtained by

ETHz =
∆I

I0

c

ωdn3γ41

(2.19)

Hence a thicker EO crystal leads to a larger measurable signal at the photodiode

detectors. However, the detected signal will be strongly influenced by the

absorption if we use a thicker crystal. Furthermore, if we take into account the

dispersive effects which give rise to phase mismatch between the group velocity of



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 15

the probe pulse and the phase velocity of the THz pulse in the detector crystal, the

detectable bandwidth will be reduced [46]. Therefore the thickness of the detector

crystal should be chosen carefully for the optimization of EO detection.

In combination with an ASOPS system (see Section 2.3), however, the balanced

EO detection will not be employed, because the influence of the laser noise is

significantly reduced and the detection is shot-noise limited at high sampling

rates [47]. It means that the THz waveform can be retrieved by measuring only

one of the polarization components with a single photodiode detector, which is

referred as unbalanced detection and is employed in all the measurements in this

dissertation. More details about the comparison between balanced and unbalanced

EO detections can be found in Refs. [20, 48].

2.3 Pump-Probe Setup with ASOPS System

2.3.1 Work Principles of ASOPS Technique

To measure transient THz pulses at different time delays with sufficient time

resolution, the duration of the probe pulse should be much shorter than that

of the THz pulse. Ultrafast femtosecond lasers with pulse length below 100 fs

have made generation and detection of THz radiation available. Moreover, the

pump-probe experimental setup, which combines THz generation and detection,

enables time-resolved detections [40]. In a conventional pump-probe setup, only

one near-infrared femtosecond laser is employed. The pulsed femtosecond laser

beam is divided into two beams by a beam splitter, which serve as pump and

probe beams for excitation on the THz emitter and EO detection, respectively.

The pulse with weaker intensity that serves as probe beam propagates over a

variable optical path length and finally overlaps with the THz pulse collinearly

in the EO detector crystal. By changing the optical path of the probe beam

using a controllable motorized linear translation stage, the relative propagation

time difference between the pump and probe beams can be adjusted and thus a

variable time delay of the probe beam with respect to the THz pulse in the detector

crystal can be realized. However, the conventional method has some significant

disadvantages that are mainly caused by the mechanical components necessary for

the time delay. The measuring window is limited by the maximum travel distance

of the translation stage, and the acquisition time for measuring a THz transient is

very long. Additionally, the low sampling rates make the measurement sensitive

to mechanical or acoustic noise sources.

To eliminate the disadvantages of the conventional pump-probe setup mentioned

above, we utilized another technique with a double laser system of two Ti:sapphire

lasers, which is called “asynchronous optical sampling” (ASOPS) scheme [49].
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All the measurements in this dissertation were carried out based on the ASOPS

technique.

In the ASOPS scheme, two individual ultrafast near-infrared femtosecond

Ti:sapphire lasers are used, each pumped with 5 W at 532 nm. The repetition rate

of the two femtosecond lasers are f1 (pump laser) and f2 (probe laser), respectively,

with a small repetition rate offset ∆f = f1 − f2. In this work, the repetition rate

of the probe laser f2 is around 1 GHz and ∆f = 4 kHz. The repetition rate

offset is monitored and stabilized by an optoelectronic control unit. Through the

repetition rate offset, the time delay between the pump and probe pulses will

increase automatically without the need of a mechanical delay line. Fig. 2.7

illustrates the working principle of the ASOPS.

Terahertz

f + frep repΔ

Probe

f rep

Electric
field

1/f rep

t0

real-time t

Tscan

Δτ ΔτΔτ

1/ fΔ rep

Figure 2.7: Working principle of asynchronous optical sampling (ASOPS).
The repetition rates of the pump and probe lasers frep ≈ 1 GHz, and the
repetition rate offset ∆frep = 4 kHz.

As shown in Fig. 2.7, the time delay between the successive laser pulses increases

linearly by

∆τ =
1

frep
− 1

frep + ∆frep
=

∆frep
frep(frep + ∆frep)

(2.20)

Here t0 in Fig. 2.7 is defined as the time when the pump and probe lasers arriving

at the detector crystal simultaneously, which results in zero time delay between

the two lasers. After the real time Tscan = 1/∆frep the process will repeat itself

again and a new measurement window will start. The maximum achievable time

delay of the ASOPS system is the inverse of the repetition rate of the probe laser,

which determines the available measurement window. The time delay between the

consecutive pulse pairs has a linear increment proportional to the real time from



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 17

t = t0 to t = Tscan, which can be expressed as [20]

τ(t) =
∆frep

frep + ∆frep
· (t− t0) (2.21)

whereby the delay time in the ultrafast process is stretched by a factor of

∆frep/(frep + ∆frep) with respect to the real time. This allows for detecting the

signal with a fast photodetector.

Compared with conventional pump and probe methods of approximately 100

MHz bandwidth, the ASOPS system exhibits many advantages. For instance,

without utilizing the mechanical delay stage the ASOPS system with its high

sampling rate makes fast measurements possible and avoids a focus displacement

due to the movement of the delay line. Moreover, the scanning rate in kilohertz

range is far above the frequencies of technical noise, and thus high signal-to-noise

ratios can be obtained without employing lock-in amplifier or balanced detection

[47].

At a repetition rate of 1 GHz and a repetitaion rate offset of 4 kHz, the time

delay unit is ∆τ = 4 fs, the maximum time delay is about 1 ns, and the scanning

time Tscan = 250 µs. Ideally, the time resolution here should be ∆τ = 4 fs, but

the real time resolution in the practical measurements is around 50 fs [50]. This

is mainly because of some experimental limitations such as the fluctuations of

the repetition rate of the lasers and the bandwidth of the photodector and the

analog-to-digital converter of the system [51].

2.3.2 THz-TDS Setup with ASOPS System

Figure 2.8 illustrates a conventional four-mirror THz time-domain transmission

spectroscopy (THz-TDTS) setup with an ASOPS system. The core elements of

the ASOPS system are two Ti:sapphire lasers with wavelength of around 800 nm

and pulse duration of around 50 fs. The two lasers have a repetition rate of

about 1 GHz, and their repetition rate offset is set to be 4 kHz. The laser with

higher repetition rate frep + ∆frep serves as the pump laser for exciting the THz

emitter, and the laser with lower repetition rate frep serves as the probe laser

for EO detection. A small portion of the two lasers are splitted off and sent to

a stabilization unit which monitors and control the repetition rate offset of the

two lasers by altering the cavity length of the pump laser through piezoelectric

transducers. The detailed scheme and work mechanism of the stabilization devices

can be found in Refs. [47, 50].

To insure that the scans start at the very same time, another small portion

of the two lasers are splitted off by beam splitters and commonly focused on a

photodiode detector. In this way, the optical trigger can be created due to two-

photon absorption when the two laser pulses arrive at the photodiode detector at
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the same time, thus an accurate trigger signal is generated. The trigger signal is

filtered by a high-pass filter and then amplified by an amplifier. Finally the optical

trigger signal and the detected signal by the photodiode detector in the THz-TDS

setup are sent to an A/D converter in the computer and the time-domain data

can be obtained.

sample

ZnTe QWP

PBSC

HWP

optical trigger

stabilization
unit

1 GHz Ti:S
probe oscillator

(Master)

1 GHz Ti:S
pump oscillator

(Slave)

PBS

PD

PD
THz

emitter

Figure 2.8: THz-TDS setup with ASOPS system.

In the four-mirror THz-TDTS setup, the large-area photoconductive THz

emitter is excited under normal incidence by a focused pump laser with an average

power of around 500 mW. The emitted THz beam has linear polarization parallel to

the applied electric field and is collected by a 90◦ off-axis parabolic mirror with 50.8

mm focus length. Then the THz beam is focused onto the investigated sample by

the second parabolic mirror. The transmitted THz beam is collimated and focused

to a 500-µm-thick (110) ZnTe crystal. The probe laser with an average power of

about 300 mW overlaps with the THz spot in the ZnTe crystal by passing through

a hole in another parabolic mirror and detects the THz field induced transmission

changes based on the EO effect in the ZnTe crystal [52]. The enclosure containing

the THz beam path is purged with dry nitrogen to reduce the water absorption

in ambient air. The transmitted probe pulse is focused onto the detector after

propagating through a λ/4 wave plate and polarizing beam splitter cube (PBSC).

In Sections 2.3.3 and 2.3.4, we will demonstrate detected THz signals based on

EO detection and the ASOPS system.

2.3.3 THz Pulse from Photoconductive Emitter

In this section, the optical pump power and the bias voltage dependence of THz

generation from microstructured large-area photoconductive emitter used in this

dissertation are presented.



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 19

Figure 2.9 illustrates the detected THz signal in the setup shown in Fig. 2.8.

The applied bias voltage on the electrodes of the large-area photoconductive THz

emitter is fixed to be 13 V, and the optical pump power is increased from 50

to 500 mW in steps of 50 mW. We can clearly see that the amplitude of the

THz signal is proportional to the applied optical pump power, and the phase is

not influenced by the pump power. Moreover, the available bandwidth of the

spectrum is below 3.0 THz. The relation between the amplitude of the generated

THz signal and the optical pump power is shown in Fig. 2.11(a). The black

symbols are the experimental data, and the red solid line is the linear fit with the

following expression

y[arb. u.] = 0.2116x[V] + 0.6133 (2.22)
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Figure 2.9: THz time-domain waveform (a) and the corresponding frequency-
domain spectra (b) from microstructured large-area photoconductive THz
emitter excited by 800 nm femtosecond laser with different pump powers (the
bias voltage between the electrodes of the emitter is fixed to be 13 V).
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Figure 2.10: THz time-domain waveform (a) and the corresponding frequency-
domain spectra (b) from microstructured large-area photoconductive THz
emitter at different bias voltage applied between the electrodes (the optical
pump power is fixed to be 550 mW).

The bias voltage dependence of the amplitude of the generated THz signal is

shown in Fig. 2.10. Here the applied optical pump power on the emitter is fixed to
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Figure 2.11: The dependence of THz intensity on optical pump power (a) and
bias voltage (b).

be 550 mW, and the bias voltage between the electrodes is increased from 5 to 13 V

in steps of 1 V. Similar to Fig. 2.9, the amplitude of the THz signal is proportional

to the applied bias voltage, and the phase is not influenced either. The relation

between the amplitude of the generated THz signal and the bias voltage is depicted

in Fig. 2.11(b). Similarly, the experimental data (black symbols) can be well fitted

by a linear expression (red line)

y[arb. u.] = 12.54x[V]− 44.89 (2.23)

In summary, we can see that the microstructured large-area photoconductive

THz emitter has a very high saturation limit and that the generated THz

amplitude increases linearly with the two parameters before any saturation is

observed.

2.3.4 THz Pulses Generated from Semiconductor Surfaces

In Section 2.1.1 we have introduced the principles of THz generation from surface

fields of semiconductors. Due to the high carrier mobility and low energy bandgap

[16, 53], semiconductors like GaAs, InAs, and InGaAs are usually used for

THz emission. In this section, we will present the experimental results of THz

generation from these three semiconductors illuminated by a mode-locked 800

nm Ti:sapphire laser under 45◦ incidence. The experimental setup is shown in

Fig. 2.12. Because the emitted THz radiation propagates collinearly with the

reflected laser beam, we employ a proper blocker that blocks only the laser beam

in the beam path to eliminate two-photon absorption in the detector crystal. The

dipole moments induced by the optical irradiation are oriented perpendicular to

the semiconductor surface, which will lead to a weak output power due to total

internal reflection. In GaAs, for example, the refractive index in the THz frequency

range is about 3.60 and the total internal reflection angle is approximately 16.13◦.
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Therefore only a small part of all generated radiation arriving at the surface can

be coupled out.

ZnTe

QWP

PBSC

HWP

PD

Semiconductor

Probe

Pump

Figure 2.12: Setup of THz generation from semiconductor surface illuminated
by the pump laser under 45◦ incidence.
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Figure 2.13: Temporal waveforms (a) and the corresponding FFT (b) of THz
radiation generated from a GaAs surface illuminated by the pump laser with
different powers under 45◦ incidence.

Figure 2.13 and Fig. 2.14 illustrate the temporal waveforms and the corre-

sponding frequency-domain spectra of the generated THz radiation from GaAs

and In0.53Ga0.47As illuminated by the pump laser with different powers under 45◦

incidence, respectively. As can be seen, the generated THz electric fields from

both GaAs and In0.53Ga0.47As increase monotonically with pump laser power.

Moreover, the THz radiation generated from In0.53Ga0.47As is much stronger than

that generated from GaAs under the same illumination condition. We can see that

the phase of the THz radiation from GaAs does not change with the pump power,

while the phase decreases with increasing pump power in the case of In0.53Ga0.47As,

which is attributed to a small artifact when we adjust the attenuator in the beam

path of the pump laser. As shown in the frequency-domain spectra, the upper

cut-off frequency of the spectrum is 3 THz and there exist some features from 0.5
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Figure 2.14: Temporal waveforms (a) and the corresponding FFT (b) of THz
radiation generated from an In0.53Ga0.47As surface illuminated by the pump
laser with different powers under 45◦ incidence.

to 0.8 THz when the generated THz signal is very weak, which is attributed to

noise of the pump laser when these measurements were performed.

Figure 2.15 shows the comparison of the THz radiations generated from GaAs,

InAs, and In0.53Ga0.47As when the illuminating pump power is 450 mW. We

can see that the THz amplitudes radiated from InAs and In0.53Ga0.47As are

comparable and significantly higher than that generated from GaAs. In the

spectrum (Fig. 2.15(b)), the peak positions of the THz radiation for GaAs, InAs,

and In0.53Ga0.47As are at around 1.2 THz, 1.1 THz and 1.4 THz, respectively.
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Figure 2.15: Comparison of the temporal waveform (a) and frequency-
domain spectra (b) of the THz radiations generated from GaAs, InAs, and
In0.53Ga0.47As under the illumination power of 450 mW.

In general, THz generation by using the experimental configuration of Fig.

2.12 is mainly attributed to both the photo-Dember effect and charge carrier

acceleration by surface field. In GaAs, the surface field is the dominant con-

tribution, whereas in InAs and In0.53Ga0.47As the photo-Dember effect is the

dominant process. [53, 54]. The different mechanics of THz generation at

these semiconductors’ surfaces are mainly attributed to the following two reasons.

Firstly, the surface field is higher in GaAs due to the more strongly bent energy
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band near the surface. Secondly, the gradient of charge distribution in InAs and

In0.53Ga0.47As is larger than that in GaAs due to the larger absorption coefficients.

Table 2.1 shows the band gaps and electron mobilities of the three semiconductors.

In theory, InAs should generate much higher THz radiation than In0.53Ga0.47As

due to its low band gap and high electron mobility. However, we observed a

comparable THz intensity in both semiconductors, which may stem from the high

background doping in InAs because the doped carriers can screen the generated

THz radiation.

Table 2.1: Band gap and mobility of GaAs, InAs, and In0.53Ga0.47As.

Band gap Electron mobility
eV cm2/(V · s)

GaAs 1.43 8500
InAs 0.35 40000
In0.53Ga0.47As 0.75 10000

2.4 Data Analysis in THz-TDS

In this section, we will introduce the calculation method to obtain the quantitative

determination of the complex dielectric function using THz-TDTS. If the sample is

partial transparent to THz radiation, we can obtain the transmitted THz electric

field with temporal resolution. To gain information about the complex dielectric

function of the sample, we need a reference trace to carry out the evaluation, which

is typically taken without the sample in the THz beam path. The frequency-

domain spectra can be obtained through Fourier transformation

E(ω) =
1

2π

∫ +∞

−∞
E(t)e−iωtdt (2.24)

As shown in Fig. 2.16, we consider a homogeneous sample with thickness d and

assume that the THz beam is a plane wave normally incident on the sample. By

propagating through the sample, the THz pulse experiences phase and amplitude

changes and the complex transmission spectra of the reference and the sample can

be expressed as

ER(ω) = Ein(ω) exp(−ikRd) (2.25)

ES(ω) = Ein(ω)tastsa exp(−ikSd)FP(ω) (2.26)

where Ein(ω), ER(ω), and ES(ω) denote the electric fields of the incident THz

pulse, the reference, and the THz pulse passing through the sample, respectively.

tas and tsa are the Fresnel transmission coefficients of the THz pulse normal-

ly propagating through the air-sample and sample-air interfaces, respectively.
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Figure 2.16: Schematic of THz-TDTS measurement for reference (a) and
sample (b).

kR(ω) = ωna(ω)/c, kS(ω) = ωñs(ω)/c. Here c is the speed of light in vacuum,

ñs(ω) is the complex refractive index of the sample, and na is the refractive index

of the ambient air, which is assumed to be a non-dispersive value na ≡ 1. FP(ω)

is the Fabry-Pérot term representing the backward and forward reflections in the

sample and is given by

FP(ω) =

p∑
p=0

[rsarsa exp(−i2kSd)]p (2.27)

where ras and rsa are the Fresnel reflection coefficients at the air-sample and

sample-air interfaces under normal incidence, respectively. Each p corresponds

to a particular temporal echo, for instance, p = 0 corresponds to the directly

transmitted THz signal.

Under normal incidence, the Fresnel transmission and reflection coefficients are,

respectively

tas =
2na

na + ñs(ω)
, tsa =

2ñs
na + ñs(ω)

(2.28)

ras =
na − ñs(ω)

na + ñs(ω)
, rsa =

ñs(ω)− na
na + ñs(ω)

(2.29)
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By normalizing ES(ω) to ER(ω), we can obtain the complex transmission function

T̃ (ω) = |T̃ |eiφ(ω) =
4ñs(ω)

[ñs(ω) + 1]2
exp{−i[ñs(ω)− 1]ωd/c}FP(ω) (2.30)

Because ñs(ω) is present in both |T̃ | and φ(ω), we cannot obtain an analytical

expression for ñ(ω). However, ñ(ω) can be extracted by numerically solving Eq.

2.30. If the sample is thick enough to allow for separation of the temporal echoes,

an analytical expression for ñs(ω) can be obtained, as will be discussed below.

2.4.1 Thick Homogeneous Samples

Once the sample is thick enough, the principal transmitted pulse can be easily

separated from the echoes by properly windowing the time-domain data. In this

case, p = 0 and FP(ω) = 1, and then Eq. 2.30 is derived to be [55]

T̃ (ω) = |T̃ |eiφ(ω) =
4ñs(ω)

[ñs(ω) + 1]2
exp{−i[ñs(ω)− 1]ωd/c} (2.31)

Let ñs(ω) = ns(ω)− iκs(ω), we obtain the following relations [56]

|T̃ | =
4
√
n2
s(ω) + κ2

s(ω)

{[ns(ω) + 1}2 + κ2
s(ω)]

exp[−κs(ω)ωd/c] (2.32)

φ(ω) = − [ns(ω)− 1]ωd

c
− tan−1{ κs(ω)

ns(ω)[ns(ω) + 1] + κ2
s(ω)
} (2.33)

For materials with considerably low absorption (i.e. κs � ns), the refractive index

and the absorption coefficient can be expressed as

ns(ω) = 1− φ(ω)c

ωd
(2.34)

α(ω) =
−2

d
ln{ [ns(ω) + 1]2

4ns(ω)
|T̃ |} (2.35)

2.4.2 Thin Films

When the sample is optically thin, the principal pulse cannot be clearly separated

from the echoes, thus the Fabry-Pérot term should be taken into account.

Moreover, if the sample is quite thin and the time window is considerably wide,

Eq. 2.27 will turn into a sum of infinite echoes and is given by

FP(ω) =
1

1− rsrrsa exp(−i2kSd)
(2.36)

We consider a thin film on an optically thick wafer with known refractive index

nr (Fig. 2.17) and take the measurement when the pulse passes through the bare
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THz beam

thin film substrate

Figure 2.17: Schematic of THz transmission of an optically thin film on a
optically thick substrate.

wafer without the thin film as a reference. The THz electric fields of the reference

and the sample take the form

ER(ω) =
2na

na + nr
Ein(ω) exp(−iωd/c) (2.37)

ES(ω) =
4nañs

(na + ñs)(ñs + nr)
Ein(ω) exp(−iωñsd/c)FP(ω) (2.38)

where d is the thickness of the thin film and na = 1. By substituting Eq. 2.36 into

Eq. 2.38, the ratio of the transmitted signal through the sample to the reference

signal can be written as [57–59]

T̃ (ω) =
ES(ω)

ER(ω)
=

2ñs(nr + 1) exp[−iω(ñs − 1)d/c]

(1 + ñs)(ñs + nr) + (ñs − 1)(nr − ñs) exp(−2iωñsd/c)
(2.39)

Therefore the complex refractive index ñs of the thin film can be determined

by numerically solving Eq. 2.39 based on the experimental measurement of the

complex T̃ (ω). If ωñsd/c� 1, we can obtain a simplified analytical expression of

ñs as

ε̃s = ñ2
s =
−ic(1 + nr)

ωd
[
1 + iωd/c

T̃ (ω)
− 1]− nr (2.40)

2.5 THz Beam Propagation

In Section 2.4, we describe the THz beams as plane waves and present the data

analysis method in THz-TDTS. However, propagation of THz waves will exceed

the limitations of geometrical optics, because the THz beam is focused onto

components with a spot size comparable to its wavelength. Therefore it becomes

important to include diffraction when we describe THz beam propagation.

In this section, the propagation of the THz beam in a focused beam THz-

TDS setup is described using the lowest order Gaussian beam and the ABCD

matrix method. The influence of the focus displacement on the evaluation of the
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refractive index and absorption coefficient is discussed theoretically. Furthermore,

we determine the optical properties of a high-resistivity GaAs wafer, which are

carefully measured in the focused beam THz-TDTS setup with and without focus

displacement correction, respectively.

2.5.1 Gaussian Beams and ABCD Matrix

Consider a monochromatic and linearly polarized electromagnetic (EM) wave in

free space under the scalar approximation, the electric field is expressed as

E(x, y, z, t) = Ẽ(x, y, z)e−iωt (2.41)

where the complex amplitude Ẽ(x, y, z) must satisfy the paraxial Helmholtz

equation [42]

(∇2 + k2)Ẽ(x, y, z) = 0 (2.42)

with the wave vector k = ω/c. Within the paraxial wave approximation where the

beam is assumed to be propagating at a small angle along the z-axis, the electric

field is given by

Ẽ(x, y, z) = u(x, y, z) exp(−ikz), |∂
2u

∂z2
| � 2k|∂u

∂z
| (2.43)

where the electric field amplitude u(x, y, z) varies slowly in the z-axis. The paraxial

wave equation can be obtained by substituting Eq. 2.43 into Eq. 2.42

∂2u

∂x2
+
∂2u

∂y2
+ 2ik

∂u

∂z
= 0 (2.44)

The solution to this equation is a Gaussian function. In combination with Eq.

2.41, the electric field is expressed in cylindrical coordinates as

E(r, z) = E0
w0

w(z)
exp{−i[kz−Ψ(z)]−r2[

1

w2(z)
+

ik

2R(z)
]}, r =

√
x2 + y2 (2.45)

where E0 and w0 are the electric field and the beam radius of the THz pulse at

z = 0, respectively.
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The radius of the beam, the radius of the curvature, the Rayleigh length, and

the Gouy shift can be expressed as

w2(z) = w2
0(1 +

z2

z2
0

)

R(z) = z(1 +
z2

0

z2
)

z0 =
πw2

0

λ

Ψ(z) = tan−1(
z

z0

) (2.46)

As can be seen from Eq. 2.46, the beam radius increases monotonically with

z. Its minimum value is w0 at the plane z = 0, and it increases to be
√

2w0 at

z = ±z0. The expansion of the beam radius is shown in Fig. 2.18.

w0

w z( )

zz0-z0

R z( )

θ0

Figure 2.18: Beam radius of a Gaussian beam. Its minimum value is w0 at
the beam waist (z=0) and it increases to be

√
2w0 at z = ±z0.

From Eq. 2.45, the phase of the Gaussian beam is

Φ(r, z) = kz −Ψ(z) +
kr2

2R(z)
(2.47)

The first term kz is the phase of a plane wave. The second term denotes a phase

retardation corresponding to the Gouy shift. The third term corresponds to the

curvature radius of the beam, and can be neglected in the vicinity of the z-axis.

The optical intensity of a Gaussian beam is given by

I(r, z) = I0[
w0

w(z)
]2 exp[− 2r2

w2(z)
] (2.48)
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where I0 = |E0|2. The total optical power of the beam is the integral of the optical

intensity over the transverse plane

P =

∫ +∞

0

I(r, z)2πrdr =
1

2
I0(πw2

0) (2.49)

which is a constant. Within a circle of radius r0 in the transverse plane, the ratio

of the power to the total power is∫ r0
0
I(r, z)2πrdr∫ +∞

0
I(r, z)2πrdr

= 1− exp[− 2r2
0

w2(z)
] (2.50)

When we consider the propagation of a Gaussian beam through a set of optical

components, it will be useful to introduce the complex beam parameter q, which

describes the beam’s state at each point of the axis and is defined as

1

q(z)
=

1

R(z)
− i λ

πw2(z)
(2.51)

At z = 0, the radius of the curvature can be regarded as ∞, then

q0 =
πw2

0

λ
(2.52)

The propagation of a Gaussian beam can be described by calculating the

evolution of the q parameter after propagating through, or reflecting from, different

optical components using the ABCD method, which is given by [60]

1

q2

=
C + (D/q1)

A+B/q1

(2.53)

where q1 and q2 are the complex beam parameters before and after propagating

through the optical component. A,B,C,D are the elements of the ray matrix

describing the optical component. The relevant ABCD matrices for free space,

dielectric interface, and thin lens are, respectively,(
1 d

0 1

)
,

(
1 0

0 n1/n2

)
,

(
1 0

− 1
f

1

)
(2.54)

where d is the propagation distance in free space. n1 is the refractive index of the

medium from which the beam comes, and n2 is the refractive index of the medium

into which the beam enters. f is the focus length of the lens.
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2.5.2 Focus Displacement Correction in THz-TDS

As described in Section 2.3.2, a transmission geometry setup is usually applied to

investigate materials with good transparency in the THz frequency range. Many

dielectrics and semiconductors such as quartz, Si, GaN, and GaAs have been

characterized with high accuracy by using a collimated beam in THz-TDTS [4, 61].

In a collimated beam, the diameter of the THz beam on the sample should have

the same size as the parabolic mirrors. This requires large and homogeneous

samples. A focused beam setup circumvents this problem because the THz beam

can be tightly focused within the diffraction limit onto the sample. However, a

focus displacement induced by the sample will affect the accuracy of the obtained

THz optical properties, because the THz spot in the detector crystal will change

[62]. Since the THz detection scheme in THz-TDS is not based on a detector

which integrates the total received power, a THz spot increase will appear as

absorption in the sample. Hence the influence on the quantitative values of the

optical constants depends on the sample thickness. This focus displacement has

been discussed by some groups previously [63, 64]. In Ref. [63], highly accurate

refractive indices of a set of materials were obtained by introducing Gouy shift

corrections. In Ref. [64], the authors presented the effect of the defocusing to

THz-TDS analysis of silicon. However, the signal-to-noise ratio is lower compared

to our study and the effect on both the determination of real and imaginary parts

is not quantitatively presented.

The focused beam THz-TDS setup shown in Fig. 2.8 can be simplified by

modeling the off-axis parabolic mirrors as thin lenses with focal length f . The

distance between the parabolic mirrors is set to be 2f , which is the optimized

separation for the best image of the THz pulse [65].

After placing a homogenous sample in the beam path of the setup shown in

Fig. 2.19(a), the focus position will shift by ∆ = d(n − 1)/n, where d and n are

the thickness and the refractive index of the sample, respectively. In this case,

the THz focus volume within the detector crystal will not be at the minimum

as that without sample in the beam path. Therefore, the focus displacement will

introduce an inaccuracy in the determination of the quantitative optical properties

of the sample.

To make sure that the beam waist is in the middle position of the sample and

to retain the symmetry of the setup, the position of the sample is shifted by ∆/2,

and the positions of the components afterwards (i.e. the last two parabolic mirrors

and the detector crystal in Fig. 2.8) are shifted by ∆ in z direction (Fig. 2.19(b)).

Because the variation of the refractive index n of high-resistivity GaAs is less

than 1.0% in the full investigated THz frequency range (0.2–3.0 THz) which will

be illustrated later, we treat n as constant (n = 3.60) when we carry out the

experimental correction.
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Figure 2.19: Scheme of the focused beam THz-TDS setup without (a) and
with (b) focus displacement correction.

Firstly we carry out a simulation of the THz propagation in the two setups

shown in Fig. 2.19 without considering the effect of the finite aperture of the

lens which will be taken into account later. The emitter and the detector can be

treated as infinitely thin compared to the focus length f , so the dielectrics of the

THz emitter and the detector crystal are not taken into account in the simulation.

In accordance with the q parameter of the Gaussian beam and the ABCD matrix

(Eqs. 2.51–2.54), we compare the beam radius in the middle position of the sample

and the detector crystal between the two setups.

When there is no sample in the THz beam path (Fig. 2.19(a)), the beam radius

at the focus position (z = 4f) and the detector crystal (z = 8f) are equal to w0,

which means that the THz pulse is imaged without any distortion. However, if

we place a homogeneous sample with refractive index n and thickness d into the

beam path (the middle position of the sample is at z = 4f), the THz beam radius

imaged by the detector crystal will be larger than in the reference. Here we define

the setup as “in-focus” or “off-focus” configuration when the minimum THz spot

size is or is not in the middle position of the sample and the detector crystal.

Table 2.2 shows the calculated beam radius in the middle position of the sample

and the detector crystal in the off- and in-focus configurations based on the ABCD

method and the assumption of an infinite lens aperture.

As shown in Table 2.2, in the off-focus configuration the beam radius in the

middle position of the sample and the detector crystal depend on the frequency,

the thickness and the refractive index of the sample. From the expressions,

we can expect that the beam radius in the middle position of the sample and

the detector crystal increases with decreasing frequency and increasing sample
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Table 2.2: Beam radius in off- and in-focus configuration.

Configuration Position w(z)
z = 0 w0

Off-focus
z = 4f

√
nw2

0 + (n−1)2d2

nw2
0k

2

z = 8f
√
w2

0 + 4(n−1)2d2

n2w2
0k

2

In-focus
z = 4f + ∆/2

√
nw0

z = 8f + ∆ w0

thickness and refractive index. By implementing the focus displacement correction

(Fig. 2.19(b)), however, the beam radius is no more frequency and thickness

dependent.

When we deal with long wavelength waves such as those associated with THz

radiation, the effect of the finite aperture of the lens cannot be neglected. Assume

that the spatial transmittance profile of the lens of diameter D has the following

expression [66]

T (r) = exp(−4r2

D
) (2.55)

In combination with Eq. 2.45, the beam radius at the position of the lenses

(z = f, 3f, 5f, 7f) is transformed to be

1

w′2(z)
=

1

w2(z)
+

2

D2
(2.56)

Figure 2.20(a) shows the frequency and thickness dependence of the beam radius

in the detector crystal in the off- and in-focus configurations. The diameter of the

lens is 50.8 mm and the original THz beam radius w0 is set to be 150 µm. Fig.

2.20(b) shows the variation of the beam radius with the sample thickness at 1

THz in the two configurations. Fig. 2.20(c) and Fig. 2.20(d) show the frequency

dependence of the beam radius when the sample thicknesses are 300 µm and 990

µm, respectively. As can be seen, in the off-focus configuration, the beam radius in

the detector crystal depends on both the thickness and the frequency. Moreover,

the focus displacement is not considerable when the sample thickness is less than

300 µm. In the in-focus configuration with focus displacement correction, however,

the beam radius only depends on the frequency and is always smaller than that in

the off-focus configuration. This means that the beam is more tightly focused in

the in-focus configuration. The frequency dependence of the beam radius is mainly

ascribed to the finite aperture of the lens. In addition, Fig. 2.21 illustrates the

simulation of the THz beam propagation in the off- and in-focus configurations,



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 33

where the thickness and the refractive index of the sample are set to be 990 µm

and 3.60, respectively.

Figure 2.22 and Fig. 2.23 show the focused THz beam at different frequency in

the middle position of the sample and the detector crystal.

As discussed in Section 2.4.1, the real refractive index n and the absorption

coefficient α of an optically thick homogeneous sample can be calculated with

the usual evaluation method (Eqs. 2.34 and 2.35) if the imaginary part of the

refractive index is much smaller than the real part.

In Eq. 2.45, however, there are phase and amplitude terms influencing the

evaluation of the refractive index and absorption coefficient as a focus displacement

occurs. Let ntrue and αtrue be the true refractive index and the true absorption

coefficient, and neval be the refractive index evaluated directly from Eq. 2.34.

Taking into account the focus displacement, we obtain the following relations

between the true and the directly evaluated values

neval = ntrue +
c

2πνd
tan−1[

(ntrue − 1)d

ntruez′0
], z′0 =

πw′20
λ

(2.57)

αtrue = −2

d
ln{(ntrue + 1)2

4ntrue
|T̃ |

√
1− exp(−2r2

0/w
′2
0 )

1− exp(−2r2
0/w

′2(z))
} (2.58)

where r0 ≈ w′0 is the radius of the circle within which the power is integrated.

w′(z) and w′0 are the THz beam radius in the detector crystal with and without

sample in the off-focus configuration, respectively. We can see that the true value

of the refractive index is always smaller than the value evaluated with the usual

method, and the true absorption coefficient can be obtained by a modification

term related to the THz beam radius in the detector crystal. Hence, the focus

displacement correction can be made by measuring the sample in the off-focus

configuration in combination with Eqs. 2.57 and 2.58. It should be noted that the

absorption coefficient correction is strongly affected by the overlap of the probe

and THz beams in the detector crystal. This effect will be not pronounced if the

sample is not too thick (i.e. d < 300 µm), because the THz field amplitude will

not change too much. For thick samples, the effect will be reduced if most of the

THz spot overlaps with the detecting probe beam, which requires a more tightly

focused THz beam.

As mentioned above, the THz beam will be more tightly focused in the middle

position of the sample and the detector crystal when we carry out measurement

using the in-focus configuration. Therefore, the focus displacement related phase

and amplitude terms influencing the evaluation of optical properties can be

reduced, and then we can obtain a more accurate evaluation by using the usual

evaluation method. To carry out the focus displacement correction experimentally

using the in-focus configuration, however, we need to know the refractive index n



Chapter 2. Fundamentals of Terahertz Time-Domain Spectroscopy 34

Figure 2.20: (a) Frequency and sample thickness dependence of the THz beam
radius in the detector crystal in the off- and in-focus configurations; (b) THz
beam radius versus sample thickness at 1 THz; (c) THz beam radius versus
frequency when the sample thickness is 300 µm; (d) THz beam radius versus
frequency when the sample thickness is 990 µm.

Figure 2.21: Simulated THz beam propagation in a focused beam THz-TDS
setup using the ABCD formalism.
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Figure 2.22: Focused THz beam in the middle position of the sample. (a)
off-focus configuration without sample; (b) off-focus configuration with sample;
(c) in-focus configuration with sample.
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Figure 2.23: Focused THz beam in the middle position of the detector crystal.
(a) off-focus configuration without sample; (b) off-focus configuration with
sample; (c) in-focus configuration with sample.
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of the sample in advance to calculate the displacement. The procedure to measure

an unknown sample using the in-focus configuration consists of three steps. (1)

Measure the sample in the off-focus configuration to estimate the average refractive

index n; (2) Shift the sample by ∆/2, the last two parabolic mirrors (on a single

moveable board) and the detector crystal by ∆ in z direction; (3) Measure the

sample in the in-focus configuration and evaluate the optical properties using the

usual method.
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Figure 2.24: Transmitted THz time-domain data (a) and frequency-domain
spectra (b) of high-resistivity (100) GaAs with a thickness of 990 µm in the off-
and in-focus configurations.

Fig. 2.24 shows the time-domain data and the frequency-domain spectra of

high-resistivity (100) GaAs with a thickness of 990 µm, measured in the off- and

in-focus configurations, respectively. The reference is measured without sample

in the beam path of the off-focus configuration. The displacement in this case is

around 715 µm. We note that the displacement does not introduce an additional

phase shift between the probe pulse and the THz pulse because the probe pulse

travels collinearly with the THz pulse. It can be observed that the transmittance

spectra from the in-focus configuration exhibit a little bit higher transmission and

smaller phase shift compared with those from the off-focus configuration.

Fig. 2.25 illustrates the refractive index and absorption coefficient of GaAs

obtained from the time-domain data. The experimental values are evaluated

according to the usual method, with the data measured in the off- and in-focus

configurations. The theoretical correction (green dash-dotted line) is performed,

based on Eqs. 2.57 and 2.58 in combination with the experimental data from the

off-focus configuration. The values measured in the in-focus configuration (red

solid line) are smaller than those measured in the off-focus configuration (blue

dashed line) and larger than those with theoretical correction. For the refractive

index, the absolute difference is about 0.01 at 1 THz, i.e. a relative difference of

about 0.3%. For the absorption coefficient, the difference is more significant. From

the off-focus measurement, we can see that the absorption coefficient increases

monotonically with the frequency and almost approaches a constant value of 6
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Figure 2.25: (a) Refractive index and (b) absorption coefficient of high-
resistivity (100) GaAs.

cm−1 from 2.4 to 3.0 THz. From the in-focus measurement, the power absorption

is about 2 cm−1 smaller than the value measured in the off-focus configuration.

In addition, the absorption increases slowly below 1.8 THz and rapidly above 1.8

THz, and then stops increasing after a feature at around 2.4 THz, which was

also observed by Stephen E. Ralph et al. [67]. The absorption feature at around

2.5 THz in the off-focus configuration shows a small blue shift relative to that

in the in-focus configuration, which is attributed to the relative larger defocusing

effect at this frequency in the off-focus configuration. It should be noted that the

modulation with 0.5 THz spacing below 1.8 THz in the absorption coefficient is

a result of the limited time window chosen for the fast Fourier transform. The

deviation between the experimental and theoretical focus displacement correction

mainly stems from several limitations, for instance, the precision of the thickness

of the sample, the modeling of the propagation of the lowest order Gaussian THz

beam and the parabolic mirrors, the assumption of constant n in the in-focus

experiment and the infinite thin emitter and detector. Although not completely,

the theoretical correction based on Eqs. 2.57 and 2.58 brings improvement to the

accuracy of material characterization.

In addition, the refractive index and absorption coefficient of high-resistivity

GaAs determined using our in-focus configuration are compatible with the values

measured using collimated beam THz-TDTS setup [4], which means that the

deviation of the refractive index and absorption coefficient mainly stems from

the focus displacement of the Gaussian beam.

In this section, we demonstrate theoretically and experimentally the influence

of the focus displacement to material characterization in conventional focused

beam THz-TDTS. We apply ABCD law to describe the propagation of Gaussian

THz pulse and calculate the beam radius in the detector crystal. Due to focus

displacement, there are phase and amplitude terms that affect the evaluation of

the refractive index and absorption coefficient. The beam radius in the detector
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crystal depends on the frequency, the thickness and refractive index of the sample.

Ideally, the beam radius in the detector crystal in the in-focus configuration

will be the same as the original beam radius if the aperture of all the lenses is

infinite. However, the effect of the finite aperture of the lenses should be taken

into account because of the large wavelength of THz radiation. By using the

in-focus configuration, we can almost eliminate the effect of the thickness of the

sample and achieve more accurate material characterization. Additionally, the

refractive index and absorption coefficient of high-resistivity GaAs measured in

our in-focus configuration with focus displacement correction are compatible with

the measurements using a collimated beam THz-TDTS setup in previous work.



Chapter 3

THz Time-Domain Spectroscopy

of Nonlinear Crystals

3.1 Introduction

In this chapter, we present optical properties of varies nonlinear crystals in the

THz frequency range. We firstly discuss the fundamentals of interaction of

light with matter and birefringence phenomena in biaxial crystals. Then the

experimentally observed significant birefringence of the LiInSe2 (LISe) crystal

at room temperature is demonstrated, and then the temperature dependence

of free carriers and optical phonons in LISe in the THz frequency regime is

investigated in more details. Similar to LISe, the LiInS2 (LIS) crystal exhibits

obvious birefringence at room temperature as well. In addition, THz-TDS of

CdSiP2 (CSP) crystals is presented. Finally, we briefly demonstrate THz radiation

generation by optical rectification in the AgGaSe2 (AGSe) crystal.

3.2 Interaction of Light with Matter

3.2.1 Interaction of Light with Free Carriers

To study optical properties of metals and doped semiconductors, interaction of

light with free carriers is a very fundamental phenomenon, which is usually

described by a Drude model. In the Drude model, free carriers move independently,

and only the forces on the carriers that are attributed to collisions and the

macroscopic electric filed are considered. Consider the oscillation of a free carrier

induced by a monochromatic wave

~E = ~E0e
−iωt (3.1)

40
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with circular frequency ω. The equation of motion of the carrier can be written as

m∗
d2~x

dt2
+m∗γ

d~x

dt
= q ~E(t) (3.2)

where m∗, γ, ~x, and q are the effective mass, damping constant, position vector,

and charge, respectively. The solution of Eq. 3.2 is

~x =
−q ~E0e

−iωt

m∗(ω2 + iγω)
(3.3)

The polarization per unit is given by

~P = (ε̃(ω)− ε∞)ε0
~E = Nq~x (3.4)

where ε∞ is the high frequency dielectric constant representing the contribution

of interband transitions to the dielectric constant. N is the concentration of the

carriers. ε0 is the dielectric constant in vacuum, and ε̃(ω) is the relative dielectric

function of the medium. Therefore we obtain the dielectric function as

ε̃(ω) = ε∞ −
Nq2

m∗ε0(ω2 + iωγ)
(3.5)

In combination with the plasma frequency

ωp =

√
Nq2

m∗ε0

(3.6)

the dielectric function can be expressed as

ε̃(ω) = ε∞ −
ω2
p

ω2 + iωγ
(3.7)

Consider a lightly damped system, the dielectric function is simplified to be [40]

ε(ω) = ε∞ −
ω2
p

ω2
(3.8)

Thus we can get the dispersion relation,

ck =
√
ε∞ω2 − ω2

p (3.9)

which means that waves will propagate when ω > ωp/
√
ε∞, while it will be

attenuated when ω < ωp/
√
ε∞, which behaves like longitudinal oscillations [68]. In

most metals, the plasma frequency is located in the ultraviolet or visible frequency

range. In doped semiconductors, on the other hand, the plasma frequency is
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usually in the infrared or in the THz frequency range.

In doped semiconductors, the frequency dependent complex conductivity is of

great importance to characterize free carriers. Based on the complex dielectric

function, the complex conductivity can be calculated with the following relation

ε̃(ω) = ε∞ +
iσ̃(ω)

ωε0

(3.10)

In combination with Eq. 3.7, we get

σ̃(ω) =
iω2

pε0

ω + iγ
(3.11)

Therefore the complex conductivity can be obtained according to the complex

dielectric function and the Drude model. However, the Drude model is only

available to describe free carriers in metals or doped semiconductors. If there

are lattice vibrations in matters such as ionic crystals, the dipole oscillator model

should be taken into account, which will be introduced in more details in the

following section.

3.2.2 Interaction of Light with Dipole Oscillators

When we consider the interaction between light waves and dipole oscillators with a

resonant frequency ω0 in ionic crystals, the contribution of the restoring force has

to be taken into account. The equation of motion of the atoms can be described

by Lorentz oscillator model [69, 70], which takes the form

m∗
d2~x

dt2
+m∗γ

d~x

dt
+m∗ω0~x

2 = q ~E(t) (3.12)

Similar to the case of free carriers discussed above, the solution of Eq. 3.12 is

~x =
q ~E0e

−iωt

m∗(ω2
0 − ω2 − iγω)

(3.13)

and the dielectric function is given by

ε̃(ω) = ε∞ +
Nq2

m∗ε0(ω2
0 − ω2 − iωγ)

(3.14)

and the real and imaginary parts of the dielectric function ε̃ = ε′(ω) + iε′′(ω) are

ε′(ω) = ε∞ +
Nq2

m∗ε0

ω2
0 − ω2

(ω2
0 − ω2)2 + ω2γ2

(3.15)

ε′′(ω) =
Nq2

m∗ε0

ωγ

(ω2
0 − ω2)2 + ω2γ2

(3.16)
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Typically, there will be not only one lattice vibration but many lattice vibrations

with different resonant frequencies in an ionic crystal depending on the number

of atoms per unit cell. If the resonances occur at distinct frequencies, the

dielectric function can be obtained from the total polarization contributed by

all the oscillators with different frequencies, which is written as

ε̃(ω) = ε∞ +
∑
j

sjω
2
0j

ω2
0j − ω2 − iωγj

(3.17)

where ω0j, γj and sj are the frequency, damping constant, and oscillator strength

of the jth oscillator. Moreover, the sum of the oscillator strengths satisfies the

relation
∑

j sj = εst − ε∞ with εst the static dielectric constant. In the imaginary

part of the dielectric function, there exists a resonance peak with bandwidth of

approximately γ in the vicinity of each resonant frequency.

Actually most materials show properties of electric conductivity and lattice

vibrational oscillations together. Therefore both the Drude and Lorentz models

should be considered to describe the dielectric function of these materials, which is

known as Drude-Lorentz (DL) model. In Section 3.3.2 we will discuss more about

the DL model when we investigate the temperature dependent free carriers and

optical phonons in LISe with low-temperature THz-TDS.

3.2.3 Birefringence of Biaxial Crystals

Biaxial crystals are referred to as crystals in which the three principal refractive

indices are different. If the principal axes X, Y and Z comprise the coordinate

system, the index ellipsoid of the crystals can be given by [42]

X2

n2
X

+
Y 2

n2
Y

+
Z2

n2
Z

= 1 (3.18)

with principal refractive indices (nX , nY , nZ) and axes of lengths 2nX , 2nY , and

2nZ . Hence the optical properties (the principal refractive indices) of the crystal

can be completely described by the index ellipsoid (Fig. 3.1).

Consider a linearly polarized light beam propagating along one principal axis

(the Z axis, for example) of the biaxial crystal, and the polarization is along an

arbitrary direction in the XY plane. The incident wave can be separated into two

normal components, linearly polarized along X and Y directions, respectively.

Thus the two components propagate with phase velocities of c/nX and c/nY ,

respectively. Therefore, the two components will undergo different phase shifts

after propagating a distance d in the crystal, and the phase delay between the

two components is given by Γ = (nY − nX)ωd/c. Such a crystal can serve as
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Figure 3.1: The index ellipsoid. (X, Y , Z) are the principal axes comprising
the coordinate system while (nX , nY , nZ) are the principal refractive indices of
the crystal.

retardation plate (wave plate) which can be used to convert the polarization state

of a light beam to another polarization state.

To investigate birefringence of crystals in THz-TDS, we firstly introduce the

Jones matrix, which is a useful 2 × 2-matrix method to describe sophisticated

polarization state evolving during wave propagation [71]. We consider a linearly

polarized incident THz electric field expressed by the Jones vector

~E =

(
Ex
Ey

)
(3.19)

where x and y axes are the fixed space coordinate axes. Ex and Ey are the two

orthogonal components of the THz electric field.

To investigate how the THz beam propagate in the crystal, we decompose the

polarization of the incident THz beam into a combination of the “fast” and “slow”

components. The “fast” and “slow” axes are fixed in the crystal, and the two

components will travel with their own polarizations and phase velocities (Fig.

3.2). The polarization of the THz electric field in the crystal can be determined

according to the coordinate transformation(
Ef
Es

)
=

(
cos θ sin θ

− sin θ cos θ

)(
Ex
Ey

)
(3.20)

where θ is the angle between the x and the “fast” axes.
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Figure 3.2: Schematic of the polarizations of the THz pulses before and after
propagating through the biaxial crystal with the thickness of d along the z-axis.
f , s and f ′, s′ denote the polarizations of “fast” and “slow” THz pulses before
and after crystal rotation, respectively. θ is the angle between the x and the
“fast” axes. xyz is the space coordinates system.

Let nf and ns be the refractive indices of the “fast” and “slow” components,

respectively. Then the polarization state of the beam in the crystal is given by(
E ′f
E ′s

)
=

(
exp(−infωd/c) 0

0 exp(−insωd/c)

)(
Ef
Es

)
(3.21)

Therefore we can obtain the phase retardation between the fast and slow compo-

nents

Γ = (nf − ns)ωd/c (3.22)

To measure the birefringence of the crystal, it is necessary to locate the directions

of the f - and the s-axis in the xy plane. For a linearly polarized incident THz

beam, this can be realized by rotating the crystal and measuring the position of

the THz signal in the time domain. When the f - or the s-axis is parallel to the

polarization of the incident THz beam, there will be only one single THz pulse in

the time domain, otherwise two sub-pulses with a certain phase retardation will

be observed. Some relevant birefringence studies at THz frequencies can be found

in Refs. [72–75]

In the following sections we will demonstrate the experimental results of the

birefringence and optical properties of several biaxial crystals in the THz frequency

regime.
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3.3 THz Properties of LiInSe2 Crystal

3.3.1 THz Properties of LiInSe2 at Room Temperature

In this section we investigate a-, b- and c-cut (a, b and c denote the crystallographic

axes of LISe crystal, which correspond to the (100), (010) and (001) axes) β-

NaFeO2-type LISe single crystals [76] and calculate the optical constants such as

the refractive index and the absorption coefficient in the frequency range from

0.3 to 2.3 THz using THz-TDS measurements. The orientation dependence of

the refractive index of LISe crystal demonstrates significant birefringence in a-

and c-cut crystals and circular-like refractive index ellipsoid in the b-cut crystal.

The pronounced absorption of each crystal below 3 THz reflects Se-related lattice

vibrations, which agree well with the calculated TO modes in accordance with the

valence force field method.

LISe belongs to orthorhombic ternary chalcogenides with high optical quality

[77]. It belongs to LiBIIICVI
2 family compounds, which exhibits a tetrahedral lattice

structure [78]. The structural and electronic properties of LISe have been reported

previously by many groups [76, 79].

The investigated LISe crystals in the focused THz-TDS setup were grown by the

modified vertical Bridgman technique and crystallized in the β-NaFeO2 structure

with mm2 point group. The crystal has excellent properties such as large nonlinear

coefficients, wide transparency in the infrared frequency range, large thermal

conductivity, high damage threshold and good phase-matching in a wide frequency

range. More detailed information about the synthesis and growth of the LISe

crystal can be found in Ref. [80].

The β-NaFeO2 structure (orthorhombic Pna21 ≡ C9
2v symmetry, point group

mm2) of LISe is formed by LiSe4 and InSe4 tetrahedrons, and the Se2− ions are

hexagonal packed with tetragonal and octahedral cavities (Fig. 3.3). The unit cell

parameters are a=7.1976 Å, b=8.4159 Å, and c=6.7986 Å [80, 81]. In the optical

wavelength range LISe is a negative biaxial crystal. In accordance with tradition,

the capital letters XY Z are used for designation of the principal dielectric axes

such that nX < nY < nZ [82]. Since nb < na < nc in optical wavelength range,

the principal frame assignment will be X ≡ b, Y ≡ a, and Z ≡ c.

Optical properties of LISe in the mid-infrared range have been studied theo-

retically and experimentally [83, 84], however, its optical properties in the THz

frequency region are not yet completely revealed.

Transmitted THz-TDS measurements were performed on a-, b- and c-cut LISe

crystals with thicknesses of 500 µm, 700 µm and 600 µm, respectively. As

illustrated in Fig. 3.2, the LISe crystal is mounted on a 360◦ rotation stage with

its rotation axis parallel to the propagation direction of the THz beam. The THz

beam is focused onto the crystal under normal incidence. Therefore the orientation
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Figure 3.3: The orthorhombic unit cell structure of LISe (adobted from Ref.
[81]).

of the crystal with respect to the incident THz polarization can be manipulated

by rotating the crystal. The three crystallographic axes of LISe crystal compose

an orthogonal coordinates system.
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Figure 3.4: The transmitted time-domain data (a) and the corresponding
frequency-domain spectra (b) of a-cut LISe crystal with 500 µm thickness.

Figure 3.4 shows the transmitted time-domain data and the corresponding

frequency-domain spectra of the 500-µm-thick LISe crystal cut in the a-axis. From

the time-domain data of the transmitted THz waves, we can see that the waveform

can be modulated by changing the orientation of the crystal with respect to the

polarization of the incident THz pulse. The incident single pulse is broken into

two pulses with polarizations perpendicular to each other, which is caused by the

different group velocities of the fast and the slow components. Moreover, the slow

component (red dot-dashed curve) shows much less transmission than the fast

component (blue solid curve). From the corresponding frequency-domain spectra

of the transmitted THz waves, we can observe a spectral modulation when θ is
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neither 0◦ nor 90◦. Nonetheless, the spectral modulation will disappear when

either the f - or the s-axis is parallel to the polarization of the incident THz pulse.

Figure 3.5 shows the transmitted time-domain data and the corresponding

frequency-domain spectra of the 700-µm-thick LISe crystal cut in the b-axis.

We can see that this sample shows much less amplitude and phase modulation

in comparison with the crystal cut in the a-axis. However, the fast component

exhibits a pronounced narrow peak at around 1.34 THz in the frequency-domain

spectra (blue solid curve).
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Figure 3.5: The transmitted time-domain data (a) and frequency-domain
spectra (b) of b-cut LISe crystal with 700 µm thickness.
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Figure 3.6: The transmitted time-domain data (a) and frequency-domain
spectra (b) of c-cut LISe crystal with 600 µm thickness.

The THz transmission spectroscopy of 600-µm-thick c-cut LISe crystal is

illustrated in Fig. 3.6. The amplitude and phase modulations are significant

but not so large as those in the a-cut crystal. Moreover, the slow component

exhibits absorption features at around 2.0 THz in the frequency-domain spectra

(red dot-dashed curve).

In LISe crystal, the crystallographic axes a, b and c correspond to their dielectric

axes Y , X and Z, respectively. The X-, Y - and Z-axis compose an orthogonal

coordinate system, so the refractive indices along the three dielectric axes can be
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calculated from the transmitted spectra of the crystals. In the following part we

will replace the crystallographic axes with the dielectric axes.

Figure 3.7(a) illustrates the calculated real part of the refractive indices of the

LISe crystal when the X-, Y - and Z-axis are parallel to the polarization of the

incident THz pulse.
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Figure 3.7: (a) The refractive index and (b) the absorption coefficient of
LISe crystal when the X-, Y - and Z-axis are parallel to the polarization of the
incident THz pulse.

The refractive indices of the LISe crystal exhibit orientation dependence, which

was also observed from the polarization-resolved THz time-domain spectroscopy

of LiNbO3, Al2O3, and LaAlO3 [85–88]. The values of nY and nZ are very close,

which indicates that the refractive index ellipsoid in b-cut principal plane is close

to circular. Therefore the LISe crystal can be regarded as a quasi-uniaxial crystal

in this frequency range. All the three refractive indices nX , nY and nZ exhibit

weak frequency dependence in the whole investigated frequency region except for a

dispersive-like feature at around 2.10, 1.93, and 1.34 THz, respectively. In previous

work, the refractive indices along the three dielectric axes in the visible region

(e.g. at 632.8 nm) were determined as nX = 2.3870, nY = 2.4350, nZ = 2.4370,

respectively [81]. From our measurement, the refractive indices along the three

dielectric axes in the far-infrared frequency region (e.g. at 300 µm, i.e. 1 THz) were

determined as nX = 2.4638, nY = 3.0251, nZ = 2.9845, respectively. Obviously,

the refractive indices in the far-infrared region are larger than those in visible

region. We also calculated the birefringence in b-, a-, and c-cut principal planes at

these two wavelengths. The birefringence ∆n of LISe in the three principal planes

are |nY − nZ |, |nZ − nX |, and |nX − nY |, respectively (Table 3.1).

As illustrated in Table 3.1, the birefringence in the THz frequency region is

larger than in the visible region in all three orthogonal principal planes of the LISe

crystal. As expected the b-cut principal plane shows much smaller birefringence

than the a- and the c-cut principal planes.
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Table 3.1: Birefringence of X-, Y -, and Z-cut principal planes of LISe crystal.

Wavelength
Refractive indices difference ∆n

X-cut Y -cut Z-cut
632.8 nm 0.002 0.050 0.048
300 µm 0.040 0.521 0.561

Figure 3.7(b) illustrates the absorption coefficient when the X-, Y - and Z-axis

are parallel to the polarization of the incident THz waves. Pronounced absorption

peaks occur at around 2.15, 1.90 and 1.34 THz in αX , αY and αZ , respectively.

These absorption peaks are attributed to lattice vibrations and are responsible for

the dispersive-like features in nX , nY and nZ at the same frequencies. We can also

see that αX shows much smaller values than αY and αZ . Moreover, a slow increase

in the absorption coefficient is observed, which were also observed in some other

crystals such as CdTe and ZnTe [89].

LISe with β-NaFeO2 structure containing perfect InSe4 tetrahedrons and weak

Li-Se covalent bonds has point group C2v. The Li-related lattice vibrations are

corresponding to higher frequencies due to the small mass of Li, so the vibrations

in low- and middle-frequency range are only corresponding to In-Se covalent

bonds [76]. According to infrared and Raman selection rules [90], the irreducible

representation of the optical modes of β-NaFeO2-type LISe can be expressed as

11A1 ⊕ 12A2 ⊕ 11B1 ⊕ 11B2 (3.23)

where the B2, B1 and A1 optical modes are infrared active for the cases that

the X-, Y - and Z-axis are parallel to the polarization of the incident THz pulse,

respectively.

The frequency of the lattice vibrations are determined by the interatomic forces

in the crystal. Without considering the contribution of long-range Coulomb

forces to the elastic constants and the influence of the dipole-dipole interactions

on the transverse optical mode, the interatomic forces can be decomposed into

bond-stretching and bond-bending forces according to valence-force-field (VFF)

approach [69, 91]. The force constants in the tetrahedral unity of LISe was

described by the Keating model [92], and the relation between TO mode and

the force constant is given by [93]

ν2
TO =

k1 + k2

meffπ2
(3.24)

where meff is the effective mass of the vibration part. k1 and k2 are the bond-

stretching and bond-bending force constants with the relation k2 = 0.28(1 −
fi)k1, where fi is the spectroscopic bond ionicity. The necessary parameters for

calculating TO mode using interatomic force are k1 = 43.1 N/m, fi = 0.599
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[94, 95].

Suppose that only the Se atoms vibrate with In atoms remaining still, the cor-

responding TO phonon frequency induced by bond-stretching and bond-bending

forces are around 5.77 THz and 1.93 THz, respectively. Therefore the high-

frequency vibrational modes are related to bond-stretching forces and the vibra-

tional modes in the three dielectric axes shown in Fig. 3.7(b) are related to the

bond-bending forces of In-Se covalent bonds [96]. The difference of the vibrational

frequencies for LISe crystal with X-, Y - and Z-axis parallel to the THz electric

field is attributed to the lattice symmetry of β-NaFeO2 structure. Furthermore,

the frequency offset between the calculated vibrations and the experimental result

is probably due to the exact values of the effective mass and electric forces.

3.3.2 Temperature Dependence of THz Properties of LISe

In this section, we present the temperature dependent dynamics of free carriers

and the anharmonic decay of optical phonons in LISe in the THz frequency regime,

in order to get a deeper understanding of the dynamics of free carriers and optical

phonons that have been observed at room temperature in the previous section.

We first demonstrate a quantitative determination of the refractive index and

the absorption coefficient of LISe in the THz frequency range from low to room

temperature (20–300 K). Both the refractive index and the absorption coefficient

are temperature dependent. The pronounced absorption peak associated with the

lattice vibration shows a significant temperature dependence. For instance, the

center frequency and the linewidth of the dominant phonon resonance display

red-shifting and broadening with increasing temperature, respectively, which

we monitor with GHz frequency resolution. The temperature dependence of

free carriers and optical phonons in LISe is investigated by fitting the complex

dielectric function using a Drude-Lorentz model which includes both charge

carriers and phonon contributions. We quantitatively determine the anharmonic

decay of optical phonons by fitting the temperature dependent phonon frequency

and linewidth variation using a model considering both three- and four-phonon

processes [97].

The experimental setup is shown in Fig. 3.8, which is a conventional focused

beam THz-TDS setup in combination with a cryostat for using liquid Helium to

cool down the crystals. The measurements were performed on two single LISe

crystals. One is 600 µm thick cut along the a-plane with the c-axis parallel to the

THz polarization, and the other is 500 µm thick cut along the c-plane with the

a-axis parallel to the THz polarization. The temperature of the samples in the

cryostat can be cooled down 20 K and is controlled by a temperature controller,

thus the THz transmission spectroscopy at low and room temperature can be

measured. With ASOPS system, we obtain a full scan length of 966 ps, thus the
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Figure 3.8: THz-TDS setup with cryostat for low temperature THz-TDS
measurements.

true frequency resolution of our measurements is limited to 1.04 GHz when the full

time window is used for FFT. In order to smooth out Fabry-Pérot oscillations in

the spectra and extract the dielectric function of the sample in the valid frequency

range 0.3–2.3 THz, we add zero padding to a shorter time-window. The total time

length is about 1 ns and the spacing between FFT points is around 0.8 GHz.

A. LISe crystal along the c-axis

Figure 3.9 shows the time-domain data and the frequency-domain spectra at

different temperatures of the 600-µm-thick LISe crystal cut along the a-plane with

the c-axis parallel to the THz polarization. We can observe obvious amplitude and

phase changes with temperature from the waveform and spectra. For instance,

the phase shifts and the amplitude decreases with temperature from 20 K to 300

K, which indicates increasing refractive index and absorption in the investigated

frequency and temperature range.
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Figure 3.9: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of LISe along the c-axis at different temperatures in the THz
frequency range.

The calculated refractive index n and absorption coefficient α based on Section

2.4 are illustrated in Fig. 3.10. As shown in Fig. 3.10(a), the refractive
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index increases monotonically with frequency (0.3–2.3 THz) and temperature

(20–300 K), except for the obvious dispersive-like feature at around 1.34 THz

which is ascribed to the pronounced resonance in the absorption coefficient (Fig.

3.10(b)). When the carrier concentration rises with temperature, the absorption

increases. The phonon contribution is also temperature dependent: the inset in

Fig. 3.10(b) is the zoom-in of the dashed rectangular area, which depicts the

temperature dependence of the dominant absorption peak corresponding to the

lattice vibration at around 1.34 THz. As a trend, the center frequency decreases,

and the linewidth increases with temperature. More detailed discussion about the

temperature dependence of the center frequency and linewidth of the dominant

phonon resonance will be discussed later. Besides the dominant phonon resonance

at around 1.34 THz, there exists a broadband and spectrally flat absorption

increasing with temperature, which is significantly suppressed at low temperatures.

For example, the broadband absorption at 300 K is approximately 15 cm−1 larger

than that at 20 K. This behavior cannot be completely explained by only using the

damped multiharmonic oscillator model which is related to the phonon resonances.
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Figure 3.10: Temperature dependent refractive index (a) and absorption
coefficient (b) of LISe along the c-axis in the THz frequency range.

According to the refractive index, we can obtain the complex dielectric constant

with the following expression

ε̃ = (n+ iκ)2 = (n2 − κ2) + 2inκ (3.25)

where n and κ are the real and imaginary parts of the refractive index, respectively.

Figure 3.11 shows the real and imaginary parts of the dielectric function of LISe

along the c-axis. As mentioned above, the experimental data cannot be completely

explained merely by the damped multiharmonic oscillator model because of the

temperature dependent slow increasing in the absorption coefficient. The Drude-

Lorentz (DL) model which includes the free-electron and bound-electron effects,

however, is later shown to be a suitable description of the experimental data. Such

a model describes the complex dielectric function of materials with both charge
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Figure 3.11: Temperature dependent real part (a) and imaginary part (b) of
the dielectric function of LISe along the c-axis.

carriers and phonon contributions [69, 98]

ε̃(ω) = ε∞ −
ω2
p

ω(ω + iγ0)
+

k∑
j=1

sjω
2
j

ω2
j − ω2 + iωγj

(3.26)

where ε∞ is the high-frequency dielectric constant, and γ0 is the scattering rate

of free carriers. sj, ωj and γj denote the oscillator strength, center frequency and

scattering rate of the jth resonance mode. ωp is the plasmon frequency of free

carriers, which is given by

ωp =

√
Ne2

m∗ε0

(3.27)

where N is the carrier concentration, m∗ is the effective mass, and ε0 is the

permittivity in vacuum.
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Figure 3.12: Real part (a) and imaginary part (b) of the experimental data
(symbols) and DL fitting (solid curve) of the dielectric constant of LISe along
the c-axis at 20 K and 200 K.

Figure 3.12 illustrates the experimental data (symbols) at 20 K and 200 K

and the corresponding fitting curves with the DL model (solid curve). All the
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parameters for DL fitting are shown in Table 3.2 with accuracy of three decimal

digits. ε∞ is fitted as a temperature independent value of 7.35. Besides the

Drude component describing free carriers, we choose three TO modes including the

dominant resonance mode according to our measurement and the IR and Raman

spectrum at room temperature reported in Refs. [76, 99]. The TO phonon modes

at around 1.34 and 2.12 THz can be clearly observed from our measurements, and

the strong mode at around 2.54 THz is fitted based on the slope of the dielectric

function. It can be seen that the DL model describes the experimental data very

well, which means that the investigated LISe crystal behaves in some degree like

conductor besides the pronounced phonon resonances in the THz frequency range.

Table 3.2: DL fitting parameters for LISe along the c-axis(ε∞ = 7.35, ω and γ are in
the unit of THz).

20 K 30 K 50 K 80 K 100 K 150 K 200 K 250 K 300 K
ωp/2π 0.303 0.312 0.342 0.428 0.532 0.638 0.764 0.815 1.199
γ0/2π 1.222 1.254 1.403 1.774 2.639 2.967 3.551 4.322 6.029
ω1/2π 1.343 1.343 1.343 1.343 1.343 1.342 1.340 1.338 1.335
γ1/2π 0.020 0.020 0.020 0.022 0.023 0.024 0.025 0.026 0.037
s1 0.014 0.014 0.014 0.015 0.015 0.016 0.016 0.016 0.019
ω2/2π 2.120 2.121 2.123 2.126 2.108 2.103 2.103 2.116 2.148
γ2/2π 0.072 0.074 0.077 0.092 0.055 0.051 0.051 0.086 0.148
s2 0.005 0.006 0.006 0.006 0.006 0.005 0.005 0.008 0.015
ω3/2π 2.539 2.540 2.542 2.549 2.542 2.546 2.550 2.542 2.577
γ3/2π 0.048 0.049 0.052 0.059 0.055 0.060 0.067 0.063 0.076
s3 1.044 1.049 1.062 1.097 1.095 1.136 1.179 1.193 1.293

As shown in Table 3.2, the plasmon frequency and the scattering rate of free

carriers (ωp and γ0), the center frequency and damping of the dominant phonon

resonance (ω1 and γ1), exhibit obvious temperature dependence. It should be

noted that the fitting parameters for the experimental data at 300 K is not

perfectly continuous with the others, especially for the phonon resonance at

around 2.12 THz. This discontinuity can be clearly observed in the absorption

coefficient (Fig. 3.13 (b)), which may stem from the non-negligible thermal effects

above the low-temperature limit of the Debye temperature TD ≈ 240 K [81, 100].

Therefore we provide a further investigation about the temperature dependence

of free carriers and optical phonons based on the data up to 250 K.

As shown in Fig. 3.13(a), the square of the plasmon frequency ωp related

to the carrier concentration exhibits an approximate exponential increase with

temperature, which generally takes the form [68]

ω2
p = Pe−∆E/kBT +Q (3.28)
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Figure 3.13: Temperature dependence of the plasmon frequency (a) and
scattering rate (b) of free carriers in LISe along the c-axis. Error bars are
determined from the DL fit. The red solid curve in (a) is the fit using Eq. 3.28
with ∆E = 17.7 meV.

were P is a constant, Q is an offset at T = 0 K, ∆E is the activation energy, and

kB is Boltzmann’s constant. By fitting ωp with Eq. 3.28, ∆E is estimated to be

17.7 meV corresponding to 205 K. Suppose that the effective mass is temperature

independent and m∗ = 0.1 m0, we estimate the carrier concentration to be

approximately 1.2×1014 cm−3 at T = 0 K , and 1.0×1015 cm−3 at T = 250 K. As

shown in Fig. 3.13(b), the scattering rate of free carriers also increases significantly

with temperature, which indicates increasing carrier-phonon and carrier-carrier

scattering [68].
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Figure 3.14: Temperature dependence of the center frequency (a) and
linewidth (b) of the dominant phonon resonance at around 1.34 THz in LISe
along the c-axis. Error bars are determined from the DL fit. The red solid
curve is the theoretical fit using both three- and four-phonon processes. The
blue dashed curve is the theoretical fit using only three-phonon processes.

As depicted in Fig. 3.14(a), the center frequency of the dominant phonon

resonance decreases from 1.343 THz at 20 K to 1.338 THz at 250 K, except for

a small blue shift (about 0.6 GHz) from 20 to 80 K (symbols), which might be

due to a Fano resonance [101]. The linewidth of the phonon resonance shows
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significant broadening with temperature, indicating a decreasing lifetime in the

decay process.

The optical phonon frequency and linewidth variation with temperature has

been discussed previously [97, 102, 103]. The phonon frequency shift can be

described by the following expression, which includes the contributions of the

thermal expansion and anharmonic coupling to phonons of other branches [102]

ω(T ) = ω0 + ∆1(T ) + ∆2(T ) (3.29)

where ω0 + ∆2(0) is the phonon frequency as T approaches 0 K. ∆1(T ) is the

frequency shift due to the thermal expansion, which is given by

∆1(T ) = ω0{exp[−3g

∫ T

0

α(T ′)dT ′]− 1} (3.30)

where g is the Grüneisten parameter for the optical phonon mode, and α(T ′) is

the thermal expansion coefficient.

∆2(T ) is the contribution of anharmonic coupling to phonons of other branches.

The thermal expansion coefficient of LISe is very small below 250 K (approximately

1.0×10−5 K−1 at 300 K) [81], so the contribution of the thermal expansion can be

neglected. Considering the anharmonic contribution to the frequency shift, ∆2(T )

is expressed as

∆2(T ) = A(1 +
2

ex − 1
) +B[1 +

3

ey − 1
+

3

(ey − 1)2
] (3.31)

where x = ~ω0/2kBT and y = ~ω0/3kBT . A and B are the anharmonic constants.

The first term corresponds to three-phonon processes in which one optical phonon

decays into two identical phonons, and the second term corresponds to four-phonon

processes in which one optical phonon decays into three identical phonons.

The fit to the experimental data according to Eqs. 3.29 and 3.31 is shown

in Fig. 3.14(a) (red solid curve). ω0/2π, A, and B are fitted as 1.343 THz,

1.4 × 10−3 THz, and −1.3 × 10−4 THz, respectively. As can be seen, the fit is

satisfactory for the experimental data. If we fit with three-phonon processes only,

we will obtain the blue dashed curve in Fig. 3.14(a) with ω0/2π = 1.344 THz

and A = −2.2 × 10−3 THz. The deviation between the calculated curve and the

experimental data is very large. This indicates that the four-phonon processes are

crucial to the frequency shift of the phonon mode along the (001) axis at around

1.34 THz, which can also be estimated from the relative high ratio B/A ≈ −0.1.

Analogically, the temperature dependent phonon damping takes the form

γ(T ) = γ(0) + C(1 +
2

ex − 1
) +D[1 +

3

ey − 1
+

3

(ey − 1)2
] (3.32)
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where γ(0) is the damping due to the disorder in the crystal. C and D are the

anharmonic constants. The second and third terms specify the contributions of

three- and four-phonon processes, respectively. The red solid curve in Fig. 3.14(b)

is calculated by taking into account both processes with γ(0)/2π = 0.018 THz,

C = 5.1 × 10−3 THz, and D = −7.5 × 10−5 THz (D/C ≈ −0.015). It exhibits

a good agreement with the experimental data. The blue dashed curve represents

the theoretical fit without considering the four-phonon processes with γ(0)/2π =

0.019 THz and C = 3.0 × 10−3 THz. As can be seen, the agreement between

the theoretical fit with and without considering four-phonon processes reflects

the temperature dependence of the damping times considering the experimental

error bars. However, a slightly better fit is obtained with considering four-phonon

processes. This is also supported by the better fit of the frequencies in Fig. 3.14(a).

B. LISe crystal along the a-axis

For the LISe crystal cut alone the c-plane with the a-axis parallel to the

THz polarization, the evaluation method is the same, and the dielectric function

calculated from the experimental data are also fitted with the DL model (Eq.

3.26). The time-domain data and the corresponding frequency-domain spectra

are illustrated in Fig. 3.15. Obvious temperature dependent amplitude and phase

changes can be observed from the waveforms and the spectra. Moreover, there

also exists pronounced narrow absorption at around 2.10 THz.
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Figure 3.15: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of LISe along the a-axis at different temperatures.

The calculated refractive index and absorption coefficient are shown in Fig.

3.16. Similar to the values along the c-axis, both the refractive index and the

absorption coefficient exhibit general monotonic increase with temperature. The

dominant phonon resonance is at around 2.10 THz, and is accompanied by a wider

and weaker phonon resonance at around 1.94 THz. There is also a temperature

dependent slow increase in the absorption, which is mainly ascribed to free carriers

as described above. Additionally, a weak broad absorption from 1.20 to 1.70 THz
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Figure 3.16: Temperature dependent refractive index (a) and absorption
coefficient of LISe along the a-axis in the THz frequency range.

is observed. Here we choose four TO modes to carry out the DL fitting, in which

three modes are observed in the measurement and the strong mode at around 2.70

THz is fitted based on the slope above 2.20 THz.
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Figure 3.17: Temperature dependent real part (a) and imaginary part (b) of
dielectric function of LISe along the a-axis.

The dielectric functions at 20 K and 200 K calculated from the experimental

data (symbols) and the corresponding DL fitting (solid curve) are illustrated in

Fig. 3.18. As can be seen, the imaginary part is fitted quite well, especially for

the Drude component (free carriers) and the phonon resonances at around 1.94

and 2.10 THz. For the real part, however, there remains a deviation between

the theoretical fit and the experimental data, which may stem from the partial

overlapping of the two adjacent pronounced narrow peaks or the broad absorption

in the range of 1.20–1.70 THz. Table 3.3 shows the fitting parameters. Here ε∞
is fitted as a constant 6.08.

The temperature dependence of ωp and γ0 is further illustrated in Fig. 3.19,

which generally shows similar tendencies as the values along the c-axis. For the

plasmon frequency, the activation energy ∆E is estimated to be 14.6 meV (170K)

based on Eq. 3.28. Under the same assumption that m∗ = 0.1 m0, we estimate the
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Figure 3.18: Real part (a) and imaginary part (b) of the experimental data
(symbols) and DL fitting (solid curve) of the dielectric constant of LISe along
the a-axis at 20 K and 200 K.

Table 3.3: DL fitting parameters for LISe along the a-axis (ε∞ = 6.08, ω and γ are in
the unit of THz).

20 K 30 K 50 K 80 K 100 K 150 K 200 K 250 K 300 K
ωp/2π 0.320 0.363 0.386 0.472 0.581 0.681 0.755 0.817 0.978
γ0/2π 1.603 1.821 1.859 2.257 2.863 3.194 3.420 3.596 4.924
ω1/2π 2.118 2.117 2.117 2.115 2.114 2.110 2.107 2.092 2.090
γ1/2π 0.048 0.056 0.065 0.076 0.080 0.092 0.101 0.135 0.147
s1 0.022 0.024 0.026 0.029 0.030 0.032 0.035 0.027 0.027
ω2/2π 1.944 1.943 1.943 1.941 1.941 1.938 1.935 1.930 1.925
γ2/2π 0.176 0.175 0.173 0.166 0.163 0.156 0.154 0.148 0.140
s2 0.026 0.027 0.028 0.029 0.029 0.030 0.032 0.023 0.027
ω3/2π 2.755 2.755 2.751 2.751 2.753 2.756 2.757 2.603 2.600
γ3/2π 0.046 0.043 0.041 0.038 0.037 0.037 0.037 0.017 0.009
s3 2.060 2.064 2.067 2.086 2.110 2.154 2.197 2.170 2.239
ω4/2π 1.396 1.407 1.416 1.428 1.435 1.444 1.447 1.558 1.614
γ4/2π 0.541 0.503 0.551 0.548 0.537 0.577 0.631 1.008 1.455
s4 0.035 0.032 0.037 0.038 0.037 0.044 0.053 0.090 0.226

carrier concentration to be approximately 1.4× 1014 cm−3 at 0 K, and 1.0× 1015

cm−3 at 250 K. The scattering rate of free carriers also increases with temperature.

Comparing Fig. 3.19 with Fig. 3.13, we see that the two LISe crystals display

similar temperature dependence of free carriers.

We use the same method (Eqs. 3.29–3.32) to analyze the anharmonic effects

due to the optical phonons. As depicted in Fig. 3.20(a), the center frequency

of the dominant phonon resonance decreases from 2.118 THz at 20 K to 2.092

THz at 250 K (symbols). The calculated red solid curve is the theoretical fit to

the experimental data by considering both the three- and four-phonon processes

with ω0/2π = 2.116 THz, A = 6.7 × 10−3 THz, and B = −1.3 × 10−3 THz. The

agreement between the theoretical fit and the experimental data is satisfactory.

If we fit the experimental data with three-phonon processes only, we can obtain
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Figure 3.19: Temperature dependence of the plasmon frequency (a),
scattering rate (b) of the free carriers in LISe along the a-axis. Error bars
are determined from the DL fit. The red solid curve in (a) is the theoretical fit
using Eq. 3.28 with ∆E = 14.6 meV.

the calculated blue dashed curve with ω0/2π = 2.123 THz and A = −0.016 THz.

We see that the fit does not represent the experimental data well. In combination

with the ratio B/A ≈ −0.20, we can conclude that the four-phonon processes are

quite important to the frequency shift of the phonon mode along the a-axis at

around 2.10 THz, which is similar to the phonon mode along the c-axis at around

1.34 THz.
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Figure 3.20: Temperature dependence of the center frequency (a) and
linewidth (b) of the dominant phonon resonance at around 2.10 THz in LISe
along the a-axis. Error bars determined from the DL fit are almost completely
covered by the size of the black symbol. The red solid curve is the theoretical
fit using both three- and four-phonon processes. The blue dashed curve is the
theoretical fit using only three-phonon processes.

As shown in Fig. 3.20(b), the linewidth of the optical phonon shows significant

broadening with temperature as well (symbols). By considering both the three-

and four-phonon processes, we obtain the red solid curve with γ(0)/2π = 0.045

THz, C = 0.046 THz, and D = 4.5×10−4 THz (D/C ≈ −0.010). The blue dashed

curve describes the fit without taking into account the four-phonon processes with
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γ(0)/2π = 0.043 THz and C = 0.054 THz. The insignificant deviation between

the theoretical fit with and without including the four-phonon processes indicates

that the temperature dependence of the linewidth broadening of this phonon mode

is dominated by three-phonon processes.

As discussed above, the decreasing center frequency and the linewidth broaden-

ing with increasing temperature are mainly attributed to the anharmonic coupling

to phonons of other branches. At high temperature, the large thermal interaction

brings about a decreasing phonon mean free path. Therefore the decay lifetime

decreases and the linewidth increases with temperature. By comparing the

anharmonic effects of the two optical phonon modes along the c and the a axes,

we can conclude that four-phonon processes play an important role in the phonon

frequency shift with temperature. Three-phonon processes are the dominant

contribution to the temperature dependence of the phonon linewidth variation,

since four-phonon processes give a small correction to the temperature dependence.

As discussed in Section 3.3.1, the optical phonon modes below 3 THz are

mainly attributed to the bond-bending forces of In-Se covalent bonds [76, 92].

Considering the more complicated interactions in the crystal and the exact values

of the interatomic force and the effective mass for the calculation, we provide a

simple qualitative description of the different phonon modes along the a- and c-

axis. In the InSe4 tetrahedron, one In-Se covalent bond is along the c-axis direction,

so the c-axis is one of its symmetrical axes and only three In-Se covalent bonds

contribute to the In-Se bond-bending modes along the c-axis direction. In the

a-axis direction, the bond-bending modes are attributed to all four In-Se covalent

bonds in the tetrahedron. This may be the main reason why the optical phonon

related to the In-Se bond-bending along the a-axis shows higher frequency than

the mode along the c-axis.

In conclusion of this section, we determine the refractive index and the ab-

sorption coefficient of LISe crystals along the c- and a-axis from 20 to 300 K.

A significant temperature dependence of the THz optical properties is observed,

especially for the absorption coefficient. The slow increase in the absorption

which is mainly due to free carriers in the crystal is greatly suppressed at

low temperatures. The experimental data are well interpreted by the Drude-

Lorentz model, which includes both free-electron and bound-electron effects. The

temperature dependence of free carriers and optical phonons is investigated using

the data below the Debye temperature. The square of the plasmon frequency

increases almost exponentially with temperature, which can be explained by

the temperature dependent carrier concentration. The temperature dependent

frequency and linewidth variation of the dominant optical phonon modes is well

described by considering the anharmonic coupling. The contributions of three-

and four-phonon processes are quantitatively determined. We show that four-

phonon processes should be included in phonon frequency shift, and three-phonon
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processes are the dominant contribution to the linewidth variation. In addition, the

frequency difference between the two In-Se bond-bending related optical phonon

modes is attributed to the lattice symmetry of the crystal structure.

3.4 THz-TDS of LiInS2 at Room Temperature

In this section, we present the birefringence properties of LIS crystals in the

THz frequency region by THz-TDS measurement at room temperature. The

refractive indices and absorption coefficients in the frequency range 0.4–2.2 THz

are investigated. The experimental results reveal that LIS has a high transparency

and a large birefringence over the investigated THz frequency range. The phase

difference and relative amplitude of the polarized waves can be controlled by

changing the polarization of the incident THz wave with respect to the optical

axis of LIS crystal.

Similar to LiInSe2, LiInS2 (LIS) is one of the typical lithium containing chalco-

genide biaxial crystals. It has large nonlinear optical (NLO) coefficients, high

laser damage threshold and wide transparent wavelength range, which makes it an

excellent mid-infrared NLO crystal. The raw material for the crystal growth of LIS

were obtained from elementary Li (3N), In(5N) and S (5N) by a high temperature

autoclave method. More details about the growth and physical properties can be

found in Refs. [104–109].

The structure of LIS is formed by LiS4 and InS4 tetrahedrons, and the S2− ions

are arranged in hexagonal packing with tetragonal and octahedral cavities, which

is similar to LISe (Fig. 3.3). The unit cell parameters are a=6.896 Å, b=8.058 Å,

and c=6.484 Å [104].

The two-side polished samples for THz-TDS measurements are a-, b- and c-cut

LIS single crystals with different thicknesses. They are: (1) A cubic LISe crystal

with 7.3 × 5.0 × 6.5 mm3; (2) 0.65-mm-thick LISe crystal cut in the a-axis; (3)

0.50-mm-thick LISe cut in the b-axis; (4) 0.70-mm-thick LISe cut in the c-axis.

The transmitted time-domain THz waveforms and the corresponding frequency-

domain spectra of LIS cut along the a, b, and c axes are shown in Fig. 3.21, Fig.

3.22, and Fig. 3.23, respectively.

According to Eq. 3.22, the relative phases can be modulated by changing the

thickness of samples. From the time-domain data of the transmitted THz waves,

we can see that the waveforms can also be modulated by changing the orientation

of the crystal with respect to the polarization of the THz pulse. Fig. 3.21(a)

and Fig. 3.21(c) demonstrate phase changing by using a-cut LIS with different

thickness of 7.3 and 0.65 mm. Fig. 3.22(a)(c) demonstrate phase changing by

using b-cut LIS with different thickness of 5.0 and 0.50 mm. Fig. 3.23(a)(c)

demonstrate phase changing by using c-cut LIS with different thickness of 6.5 and

0.65 mm.
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Figure 3.21: (a) Transmitted time-domain THz pulses through 7.3-mm-thick
a-cut LIS with θ = 0◦, 37◦, 90◦, respectively. (b) Frequency-domain spectra
based on fast Fourier transform of (a). (c) Transmitted time-domain THz
pulse through 0.65-mm-thick a-cut LIS with θ = 0◦, 50◦, 90◦, respectively.
(d) Frequency-domain spectra based on fast Fourier transform of (c).

We define θ = 0◦ when the THz pulse is polarized along the f -axis and θ = 90◦

when it is polarized along the s-axis. From the frequency-domain data of the

transmitted THz waves, we can see an obvious spectral modulation when θ is

between 0◦ and 90◦, which disappears when the polarization of the incident THz

pulse is parallel to the f - or the s-axis. This strong modulation stems from the

birefringence of the sample. Fig. 3.21(a)(c), Fig. 3.22(a)(c), and Fig. 3.23(a)(c)

demonstrate amplitude modulation by changing the orientations (θ) of a-, b-,

and c-cut LIS with respect to the polarization of the THz pulse. For example,

in Fig. 3.21(a) we can continuously modulate the amplitudes of THz pulses by

continuously changing the orientations (θ). Here we only choose three orientations

(θ) to demonstrate the amplitude modulation. When θ = 0◦ or θ = 90◦, there is

no pulse separation and amplitude modulation. When θ = 37◦, obvious separation

and modulation of the two THz pulses can be observed. Therefore, by controlling

the relative phase and amplitude of the temporally separated THz pulses, THz

polarization pulse shaping occurs due to birefringence in the LIS crystal.

The pulse components polarized along the f - and s-axis travel at different

velocities, which gives rise to a break-up of the single pulse into two separated

pulses. The spectral modulation of the THz spectrum reflects the temporal

separation of the two pulses. As is depicted in Fig. 3.23(a)(b), the frequency
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Figure 3.22: (a) Transmitted time-domain THz pulses through 5-mm-thick
b-cut LIS with θ = 0◦, 54◦, 90◦, respectively. (b) Frequency-domain spectra
based on fast Fourier transform of (a). (c) Transmitted time-domain THz
pulse through 0.50-mm-thick b-cut LIS with θ = 0◦, 45◦, 90◦, respectively.
(d) Frequency-domain spectra based on fast Fourier transform of (c).

spacing ∆ν between two minima of 341.48 GHz corresponds to a time delay ∆τ

between the sub-pulses of 2.76 ps.

Figure 3.24 shows the refractive indices and absorption coefficients of the LIS

crystal along the three dielectric axes calculated from the experimental data of the

7.3× 5.0× 6.5 mm3 LIS crystal.

As can be seen, nX shows weaker frequency dependence than nY in the

investigated THz frequency region. nZ shows dispersive-like feature corresponding

to a sharp absorption at around 1.70 THz, which is attributed to a TO phonon. At

the visible wavelength of 532nm, the refractive indices of the three dielectric axes

have been previously determined to be nX = 2.241, nY = 2.282, and nZ = 2.299,

respectively [104]. In the THz frequency region (e.g. 1.5 THz, i.e. 200 µm),

we determine the corresponding refractive indices to be 2.482, 2.539 and 2.564,

respectively. Therefore, the birefringence of LIS along the X, Y , and Z axes

can be easily calculated from the refractive indices nX , nY , and nZ in the three

dielectric axes. The birefringence ∆n along the X, Y , and Z axes are |nZ − nY |,
|nZ − nX |, and |nY − nX |, respectively, which are shown in Table 3.4 (at the

wavelength of 532 nm and 200 µm, respectively).

As illustrated in Table 3.4, the birefringence in the THz region is larger than

those in the visible region along the three orthogonal dielectric axes of LIS.
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Figure 3.23: (a) Transmitted time-domain THz pulses through 6.5-mm-thick
c-cut LIS with θ = 0◦, 67◦, 90◦, respectively. (b) Frequency-domain spectra
based on fast Fourier transform of (a). (c) Transmitted time-domain THz
pulse through 0.70-mm-thick c-cut LIS with θ = 0◦, 50◦, 90◦, respectively.
(d) Frequency-domain spectra based on fast Fourier transform of (c).
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Figure 3.24: The refractive indices (a) and the absorption coefficients of the
LIS crystal as a function of frequency along the three dielectric axes.
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Table 3.4: Birefringence of X-, Y -, and Z-cut principal planes of LIS crystal.

Wavelength
Refractive indices difference ∆n

X-cut Y -cut Z-cut
532 nm 0.017 0.058 0.041
200 µm 0.025 0.082 0.057

The EO crystals such as GaAs, CdSe, ,LiNbO3, and LiTaO3 [110, 111] are

widely used in THz technology due to their low absorption in the THz range.

Their absorption coefficients are also no more than 10 cm−1 over the range of

0.4–2.2 THz. However, the absorption coefficient of LiTaO3 is more than 100

cm−1, which is two orders of magnitude larger than the values of GaAs, GaP,

CdSe, and LiNbO3. As shown in Fig. 3.24(b), the absorption coefficients of

LIS are mostly smaller than 10 cm−1 in 0.4–2.2 THz frequency range, which

demonstrates relatively smaller THz absorption for LIS crystal. As mentioned

above, a pronounced sharp absorption along the Z-axis can be observed at 1.7

THz, which is the main origin of the dispersive-like feature of nZ in Fig. 3.24(a).

This absorption peak is attributed to a TO-phonon resonance along the Z-axis,

which is also identified by Raman spectra in Ref. [104]. It is worth mentioning that

there is no absorption feature in Ref. [112], which may be owing to the different

LIS crystal samples. Additionally, the weak broad band absorption centered at

2.0 THz in αZ and the second centered at 1.8 THz in αX are observed. These

broad band absorptions are probably caused by second-order phonon processes

[89]. As has been discussed in Section 3.3.2, the slow absorption increases over the

frequency range 0.4–2.2 THz are mainly attributed to free carriers in LIS.

The quantitative information on the optical properties in the THz frequency

range is important for applications in THz technology. Concerning LIS crystals,

low absorption in combination with a second order optical nonlinearity χ(2) of 16

pm/V [104] and the detailed knowledge of the phase matching condition allow for

the generation of THz radiation based on the concept of Hebling et al. [113].

In conclusion, we have measured the optical properties of bulk LIS crystals

in the THz frequency region of 0.4–2.2 THz by THz-TDS. In the time-domain

data, the phase separation and amplitude ratio of the two transmitted components

are manipulated by changing the orientation of the crystal with respect to the

polarization of the incident THz pulse and the crystal thickness. The birefringence

of LIS crystal along the three dielectric axes in the THz range is larger than those in

the visible range. Pronounced sharp absorption caused by a TO-phonon resonance

is observed at around 1.7 THz when the c-axis is parallel to the polarization

of the incident THz wave. Due to its low absorption in the THz range, it is

promising for LIS crystals to be fabricated as a circular polarizer, THz wave shaper,

beam splitter, and wave plate. Crystal thickness can be additionally controlled
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continuously by applying an external electric field. Temperature dependence of

free carriers and optical phonons in LIS will be investigated in the future.

3.5 THz Properties of Other Crystals

3.5.1 THz-TDS of c-cut CdSiP2 at Room Temperature

CdSiP2 (CSP) is a negative uniaxial crystal which belongs to the II-IV-V2 type

ternary compounds with chalcopyrite structure [114]. The unit cell parameters of

CSP are a = 5.68 Å and c = 10.431 Å [115], and the band gap is about 2.2 eV

[116]. Moreover, CSP exhibits substantially superior properties and high optical

quality. More details about CSP such as birefringence, transparency, dispersive,

and phase-matching can be found in Refs. [116, 117].

In this section we present the spectra of the transmitted THz pulse through a

c-cut CSP crystal with the propagation direction of the THz pulse normal to the

c-plane of the crystal. Then we demonstrate the calculated optical properties in

the THz frequency range. When rotating the crystal about the c-axis, CSP does

not exhibit birefringence as the LISe and LIS crystals. This indicates that the

refractive index ellipsoid of CSP in the c-cut principal plane is circular, which is

reasonable because CSP is a uniaxial crystal.
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Figure 3.25: Time-domain data (a) and frequency-domain spectra (b) of 1-
mm-thick c-cut CSP. The THz pulse propagates normally to the c-plane.

From the temporal waveform of the transmitted THz signal through the c-cut

CSP shown in Fig. 3.25(a), we can see obvious oscillations after the principal

peak, which is mainly ascribed to the optical phonon resonance at around 2 THz

illustrated in the frequency-domain spectra. Fig. 3.26 shows the refractive index

and the absorption coefficient of CSP perpendicular to the c-axis. As can be

seen, the refractive index is almost independent on frequency below 1.8 THz with

n ≈ 3.53. However there occurs a pronounced dispersive-like feature in the range

1.8–2.2 THz, which corresponds to the strong absorption peak centered at around
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2 THz (Fig. 3.26(b)). The absorption coefficient is smaller than 5 cm−1 except for

the pronounced broad absorption peak (FWHM ≈ 125 GHz) at around 2 THz,

which means that CSP is substantially transparent in most part of the frequency

range 0.2–2.2 THz. In addition, the optical phonon resonance at around 2 THz

was also observed in Raman spectrum by Shirakata et al., which corresponds to

the lowest E symmetry mode [118]. Compared with the case of LISe at room

temperature discussed in Section 3.3.2, we can predict that the dielectric function

of CSP is mostly attributed to the optical phonons.
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Figure 3.26: Refractive index (a) and absorption coefficient (b) of the CSP
crystal as a function of frequency at room temperature.

3.5.2 THz Radiation Generated from AgGaSe2

Besides characterizing nonlinear crystals demonstrated above, we also tried emit-

ting THz radiation from nonlinear crystals by normally exciting them with a 800

nm Ti:sapphire laser pulse. Here we will briefly present the observed THz radiation

generated from the AgGaSe2 (AGSe) crystal by optical rectification, which has

been introduced in Section 2.1.3.

AGSe is one of the widely used crystals for nonlinear convertors of coherent

radiation in the mid-IR range, because it can combine strong nonlinear coupling

with phase matching in a broad transmission regime [119]. AGSe also exhibits

high nonlinear coefficient (d36 = 41.2 pm/V) and small spatial walk-off, which is

essential for different frequency generation (DFG). The band gap of AGSe is about

1.8 eV at 300 K, which is close to that of GaAs. The AGSe crystal investigated

in this work is cut at θ = 51.5◦ and ϕ = 45◦ with a thickness of 1 mm, and the

propagation direction of the pump laser is perpendicular to the cut plane. Further

information about AGSe growth, optical properties, and applications can be found

in Refs. [119–122]

Because the crystal is not cut along one of the principal crystallographic axes,

we arbitrarily choose a 0◦ orientation in the crystal as a reference for the azimuth

angle between the laser polarization and the crystal orientation. Fig. 3.27(a)
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shows the temporal waveforms of the generated THz signals from AGSe excited

by femtosecond laser with different pump powers. As can be seen, the generated

THz signal increases monotonically with the pump power, which can be generally

explained by Eq. 2.9. The corresponding spectrum of the THz signals are

illustrated in Fig. 3.27(b), from which we can observe a pronounced resonance

peak at around 1.58 THz. This resonance corresponds to an optical phonon mode

which is responsible to the oscillations in the tail of the principal peak in the time-

domain data. Moreover, the bandwidth also becomes broader with increasing

laser intensity. In addition, Fig. 3.28 depicts the laser power dependence of the

emitted THz intensity. As can be seen, the experimental data (symbols) can be

satisfactorily fitted by a linear curve (red line), which indicates that the THz

radiation generated through optical rectification is almost linearly proportional to

the pump laser power.
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Figure 3.27: Generated THz radiation from AGSe normally excited by 800
nm Ti:sapphire laser with different intensity at room temperature. (a) Time-
domain data and (b) frequency-domain spectra.
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Figure 3.28: Dependence of generated THz radiation from AGSe on the power
of the pump laser. The symbols are the experimental data, and the red line is
the linear fit.

Then we continue to investigate the influence of the crystal orientation to THz

generation with the pump laser power of 400 mW. As illustrated in Fig. 3.29(a),
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the THz wave form varies with the angle between the polarization of the pump

laser and the reference axis in the cut plane of the crystal. When the crystal is

rotated by 180◦, the THz electric field is inverted, but the amplitude is almost the

same. Moreover, we can observe obvious phase shift due to birefringence when

the crystal orientation is changed by 90◦. The influence of birefringence to the

frequency-domain spectra is shown in Fig. 3.29(b). There is a significant difference

between the spectrum of the two orthogonal orientations. For instance, when the

azimuth angles are 0◦ and 180◦, the generated THz radiation has stronger intensity

and broader frequency bandwidth than the other two cases with 90◦ orientation

difference.

3 4 5 6 7 8
-3

-2

-1

0

1

2

3

0 1 2 3 4 5
10-5

10-4

10-3

10-2

10-1

E
le

ct
ric

 fi
el

d 
 (a

rb
. u

.)

Time delay (ps)

 0°
 90°
 180°
 270°

(a)

 0°
 90°
 180°
 270°

FF
T 

am
pl

itu
de

 (a
rb

. u
.)

Frequency (THz)

(b)

Figure 3.29: Generated THz radiation from AGSe normally excited by
400 mW 800 nm Ti:sapphire laser at different crystal orientations at room
temperature. (a) Time-domain data and (b) frequency-domain spectra.

In this section we demonstrated the emitted THz radiation from AGSe with

a 800 nm laser pulse, and briefly discussed the influence of the laser power and

crystal orientation. More work may need to be done in the future. Because the

crystal is not cut along one of the principal axes, the quantitative calculation of

the orientation dependence is somewhat more complicated than the measurements

in Ref. [123]. From the generated THz radiation, we have observed obvious

birefringence and a pronounced phonon resonance at around 1.58 THz at room

temperature, which will be helpful for further investigation of AGSe using THz-

TDS.
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THz Properties of Nanowires

4.1 Introduction

In this chapter we present THz-TDS of TiO2 nanowires (NWs) and further

quantitatively determine the complex dielectric functions and conductivities of

the NWs in the THz frequency range. Then we show the reflected THz intensities

from Ag NWs with different lengths. The TiO2 NWs are provided by J. Kalb and

J. Dorman, and the Ag NWs are provided by Y. Feng in work group of Prof. Dr.

Lukas Schmidt-Mende at University of Konstanz.

4.2 THz Conductivity of TiO2 NWs

Semiconductor oxide NWs have been intensely studied in recent years because of

their potential and promising applications in photonic and optoelectronic devices,

thus understanding the conductivity of the NWs is of great importance [124, 125].

However, it is a challenging problem to measure the conductivity of the NWs

due to the difficulty to nanometer-sized contacts to the NWs. THz-TDS, on

the other hand, can be used as a non-contact electrical probe to measure the

conductivity on a sub-picosecond to nanosecond timescale [126, 127]. Moreover,

carrier dynamics which play an important role in charge separation and transport

can also be determined by THz-TDS as has been discussed in Section 3.3.2. In this

section, THz-TDTS is employed to investigate the complex conductivity of TiO2

NWs. The TiO2 NWs are grown on a 300-µm-thick high-resistivity Si substrate,

and have a mostly square-like cross-section with a perimeter of about 20–100 nm

and a length of 1–1.5 µm. They consist of tiny filaments, which can be seen in the

SEM images (Fig. 4.1).

The electronic properties of TiO2 is an intensively discussed field. It is known so

far, that crystal defects play an important role for charge injection and transport

[128]. Donors such as impurities and oxygen vacancies increase the Fermi-level and

improve the conductivity of the material [129–131]. Traps result in space charge

72
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Figure 4.1: SEM images of TiO2 NWs with a perimeter of about 20–100
nm and a length of 1–1.5 µm. (a) Top view; (b) Side view (from J. Kalb at
University of Konstanz).

limited current (SCLC) [132, 133] and improve the injection of electrons by trap

assisted tunneling [134, 135]. Thus the understanding and control over structural

crystal defects in TiO2 is the basis for the control of the electronic properties

of TiO2 [136, 137]. The investigated TiO2 NWs in this work are undoped and

Sn-doped under different post-annealing conditions.

4.2.1 THz-TDS of TiO2 NWs

The THz-TDTS system has been described in detail in Section 2.3.2. Fig. 4.2

schematically illustrates the normally transmitted THz pulses through the bare Si

wafer (reference) and the sample, respectively. If the TiO2 NWs and the thin TiO2

layer underneath are regarded as an effective homogeneous thin film, the effective

complex refractive index of the homogeneous thin film can be quantitatively

determined according to the evaluation method presented in Section 2.4.1 (Eq.

2.39).

In order to understand the influences of carrier doping and the post-annealing

condition in TiO2 NWs, the investigated samples are grouped into undoped and

Sn-doped NWs post-annealed at different temperatures in ultra high vacuum

(UHV) or air. Fig. 4.3 shows the transmitted THz time-domain waveforms and

the corresponding frequency-domain spectra of the reference and TiO2 NWs on Si

wafer, in which significant modifications of THz pulses between the samples and

the reference can be observed. First, the amplitudes of the THz signal transmitted

through the samples decrease due to the absorption and reflection losses. Second,

pulse delay of the sample in comparison with the reference is observed. The phase

advance of the samples with respect to the reference is related to the refractive

index of the effective homogeneous film. Furthermore, the Sn-doped samples

exhibit considerably less transmissions than the undoped samples.

Figure 4.4 illustrates the frequency-dependent phase shift and transmission

amplitude through the samples relative to transmission through the bare Si wafer.
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Figure 4.2: Schematic illustration of transmitted THz pulse through (a) bare
Si wafer (reference) and (b) NWs on Si wafer.
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Figure 4.3: Transmitted THz pulses of the reference and the samples. (a)
Time-domain waveforms and (b) frequency-domain spectra.

For all the samples, the phase shift increases, and the normalized transmission

decreases with increasing frequency. We can see that the Sn-doped samples exhibit

larger phase shift and lower transmission than the undoped ones. In addition, the

samples post-annealed at higher temperature in UHV shows larger phase shift

and lower transmission, which can be obviously observed from both undoped and

Sn-doped samples in Fig. 4.4. For example, the Sn-doped sample post-annealed

at 600◦C in UHV has the largest phase shift and the lowest transmission (green

curve), while the undoped sample post-annealed at 350◦C in UHV has the smallest

phase shift and the highest transmission (blue curve). In general, materials with

higher conductivity will absorb more THz radiation and thus show lower THz
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transmission. Therefore the complex conductivity of the sample can be determined

as long as the complex transmission is known.
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Figure 4.4: The frequency-dependent phase shift (a) and transmission
amplitude (b) through the samples relative to transmission through the bare
Si wafer.
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Figure 4.5: (a) Schematic illustration of reflection geometry of THz-TDS
based on ASOPS system. (b) Detailed view of the p-polarized THz beam path
in the sample.

Besides the transmitted THz pulse, we can also measure the reflected THz

pulses from the reference and the samples in the reflection geometry which is

schematically illustrated in Fig. 4.5(a). The p-polarized THz pulse is generated

from the large-area photoconductive THz emitter, and then is collected and

focused onto the sample with an incident angle of 60◦ by parabolic mirrors. As

shown in Fig. 4.5(b), the THz pulse is partly reflected at the air-Si interface,

whereas a second reflection takes place at the Si-sample interface with a time

delay associated with the thickness of the Si substrate and the complex dielectric

function of the sample. The reflected THz pulses at the two interfaces are

collimated and focused into the ZnTe crystal, and then the THz signal is detected

by a photodiode detector after propagating through a λ/4 wave plate and a

polarizing beam splitter cubic (PBSC). In this reflection geometry an ITO glass is
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used before the ZnTe crystal, because it is almost fully reflective to THz radiation

while highly transparent to the 800 nm probe laser. More details about this setup

can be found in Refs. [138, 139]. The two reflected THz pulses can be clearly

separated in time domain as illustrated in Fig. 4.6(a). We use the signal from

the bare Si wafer as a reference, and measure the sample signal by adjusting the

position of the first reflected pulse according to that of the reference to eliminate

the artifacts due to position variation during sample switching. In this case we can

observe different second reflected pulses of the reference and the sample, because

the second pulse is related to the complex dielectric function of the NWs. Fig.

4.6(b) shows the zoom-in of the second reflected THz pulses of the reference and

all the samples, respectively. Each sample exhibits significant phase advance and

reflection amplitude increase with respect to the reference. As is expected, the Sn-

doped samples exhibit considerably higher reflected amplitude than the undoped

ones.
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Figure 4.6: (a) Reflected THz time-domain waveforms of reference and TiO2

NWs on Si wafer. The first pulse is reflected by the air-Si interface, and the
second pulse is from the reflection at the Si-NWs interface. (b) Zoom-in of the
second reflected pulses.
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Figure 4.7: (a) Frequency-domain spectra of the second reflected THz pulses.
(b) FFT amplitude ratio between the second and the first reflected THz pulses.



Chapter 4. THz Properties of Nanowires 77

Furthermore, the corresponding frequency-domain spectra of the second re-

flected pulses are shown in Fig. 4.7(a), and the frequency-dependent reflection

amplitude ratio of the second pulse to the first pulse is shown in Fig. 4.7(b). As

can be seen, the reflection amplitude ratio of the bare Si is the lowest and is almost

independent on frequency, while those values of the samples are considerably

frequency dependent and increase with frequency. In addition, the samples post-

annealed at higher temperature in UHV show higher reflection, which seems to be

compatible with the case of transmission shown in Fig. 4.4(b).

4.2.2 Determination of THz Conductivity

As discussed in Section 2.4.2, the complex refractive index of the effective homo-

geneous thin film (TiO2 NW/air composite) can be determined by numerically

solving Eq. 2.39 when the complex transmission of the sample with respect to the

reference is known. Moreover, high-resistivity silicon is almost non-dispersive and

non-absorptive in the THz frequency range, therefore we choose nr = 3.42 for the

calculation. The calculated complex effective refractive indices of the samples are

illustrated in Fig. 4.8(a)(b), and the complex effective dielectric functions based

on Eq. 3.25 are depicted in Fig. 4.8(c)(d). As can be seen, the refractive indices

and absorption coefficients of the Sn-doped samples are significantly larger than

those values of the undoped samples.

For NWs with large volume fraction, the effective dielectric function can be

expressed by the simple effective medium theory [140, 141]

εeff(ω) = f × εm(ω) + (1− f)× εh (4.1)

where f is the filling factor of the pure NWs. εm(ω) is the dielectric function of the

pure NWs, and εh is the dielectric constant of the host medium. Here εh = εair = 1

for air. Thus εm(ω) = [εeff(ω)− (1− f)]/f , and the conductivity of the pure NWs

can be written as

σ(ω) = iωε0[ε∞ − εm(ω)] (4.2)

where ε0 is the permittivity in vacuum, and ε∞ is the high frequency permittivity.

It indicates that the quantitative determination of the complex conductivity can be

performed when the effective complex dielectric function of the NW/air composite

and the filling factor of the NWs are known.

The complex conductivity of undoped and Sn-doped TiO2 NWs under different

post-annealing conditions are shown in Fig. 4.9(a) and 4.9(b), respectively. The

symbols are the calculated conductivity according to the experimental data and

Eqs. 4.1 and 4.2 with f = 0.75 and ε∞ = 8.95. The real conductivities of all

the samples are suppressed at lower frequency range with DC conductivities close

to zero. Meanwhile, the imaginary conductivities are negative in the frequency
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Figure 4.8: Real part (a) and imaginary part (b) of the effective refractive
index of TiO2 NW/air composite. Real part (c) and imaginary part (d) of the
effective dielectric function of TiO2 NW/air composite.

region 0.4–2.5 THz. These phenomena is quite different from the case in metals

or doped semiconductors, and have been observed in Refs. [142–145] as well.

0.5 1.0 1.5 2.0 2.5
-120

-100

-80

-60

-40

-20

0

20

40

60

0.5 1.0 1.5 2.0 2.5
-120

-100

-80

-60

-40

-20

0

20

40

60

C
on

du
ct

iv
ity

 (S
/c

m
)

Frequency (THz)

 600°C air (Re)
 600°C air (Im)
 600°C UHV (Re)
 600°C UHV (Im)
 350°C UHV (Re)
 350°C UHV (Im)

(a)

C
on

du
ct

iv
ity

 (S
/c

m
)

Frequency (THz)

 500°C UHV (Re)
 500°C UHV (Im)
 600°C UHV (Re)
 600°C UHV (Im)

(b)

Figure 4.9: (a) Real and imaginary conductivities of undoped TiO2 NWs
post-annealed at different temperatures in air or UHV. (b) Real and imaginary
conductivities of Sn-doped TiO2 NWs post-annealed at different temperatures
in UHV. The symbols and the solid curves represent the experimental data and
the Drude-Smith fittings, respectively.

The conductivity of the NWs cannot be described only by the classical Drude

model due to carrier localization in the NWs. Due to reflections from surfaces or

grain boundaries or defects, and Coulombic restoring force from positively charged
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holes or defects, a portion of the electrons in the NWs will be backwardly scattered.

This backward scattering or restoring force can be described by extending the

Drude model to the Drude-Smith model, which is given by [142, 146, 147]

σ(ω) =
ε0ω

2
pτ

1− iωτ
[1 +

∞∑
p=1

cp
(1− iωτ)p

] (4.3)

where ωp and τ are the plasma frequency and the carrier scattering time, re-

spectively. −1 ≤ cp ≤ 0, denotes the fraction of the electron’s original velocity

that is retained after the pth collision. cp = 0 corresponds to random carrier’s

momentum, whereas cp = −1 corresponds to complete backscattering. Usually,

the infinite series in the sum term in Eq. 4.3 is taken at p = 1, which corresponds

to the carrier’s persistence of velocity after one collision.

In the Drude-Smith model, the real conductivity will be suppressed at lower

frequency, and the imaginary conductivity will be negative. Therefore it should

be more suitable to be applied to fit the experimental data of the NWs than

the classical Drude module. As can be seen from Fig. 4.9, the fitting curves

(solid curve) based on the Drude-Smith model agree with the calculated complex

conductivities satisfactorily, especially for the Sn-doped TiO2 NWs. All the fitting

parameters are listed in Table 4.1. It should be noted that the carrier scattering

times of all the samples are supposed to be the same, and are fitted as 12.3

fs. Furthermore, we determine carrier concentration N with the relation N =

ε0ω
2
pm
∗/e2 by taking m∗ = 0.2 m0, where the electron mass m0 = 9.1094× 10−31

kg and the electron charge e = 1.602× 10−19 C.

Table 4.1: Fitting parameters of TiO2 NWs based on the Drude-Smith model.

Samples ωp τ c1 N
(rad·THz) (fs) (×1018 cm−3)

Undoped 600◦C air 588 12.3 -1 21.8
Undoped 600◦C UHV 548 12.3 -1 18.9
Undoped 350◦C UHV 372 12.3 -0.99 8.7
Doped 500◦C UHV 692 12.3 -0.99 30.1
Doped 600◦C UHV 720 12.3 -0.99 32.6

As is illustrated, the parameter c1 representing the carrier’s persistence of

velocity after one collision is clos to -1 for all the TiO2 NWs, which means that the

effect of carrier localization in the TiO2 NWs is quite crucial and the carriers are

almost completely backwardly scattered. For undoped TiO2 NWs post-annealed in

UHV at 350◦C and 600◦C, the corresponding carrier concentrations are determined

as 8.7× 1018 cm−3 and 18.9× 1018 cm−3, respectively. Moreover, the determined

carrier concentration of the undoped TiO2 NWs post-annealed in air at 600◦C

is 21.8 × 1018 cm−3. For Sn-doped TiO2 NWs post-annealed in UHV at 500◦C
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and 600◦C, the corresponding carrier concentrations are determined as 30.1×1018

cm−3 and 32.6 × 1018 cm−3, respectively. With a general comparison, we can

conclude that TiO2 NWs post-annealed at lower temperature in UHV have lower

carrier concentration. In Fig. 4.10 the Sn-doped NWs shows significant higher

real and imaginary conductivity than the undoped NWs post-annealed under the

same condition, which is mainly attributed to the higher carrier concentration as

shown in Table 4.1.
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Figure 4.10: Comparison of the complex conductivities of the undoped and
Sn-doped TiO2 NWs post-annealed at 600◦C in UHV. The symbols and the
solid curves represent the experimental data and the Drude-Smith fittings,
respectively.

There are still a few problems in fitting the experimental data using the Drude-

Smith model. To compare the plasma frequencies in different samples we suppose

that the scattering times for all the samples are the same. This assumption may

be not accurate, but it will be available if the scattering time for different NWs

does not vary too much. However, we can clearly see that the tendency of the

conductivities can be fitted with the Drude-Smith model, especially for the Sn-

doped NWs. For instance, the suppressed real conductivity and the negative

imaginary conductivity. Moreover, conductivity enhancement by doping the TiO2

NWs can be obviously observed.

4.3 Reflected THz Intensity from Ag NWs

Metal NWs have been intensely studied because of their excellent properties in

electron conductivity and wide range of applications in catalysis [148], sensing

[149], surface-enhanced Raman scattering [150], and so on. In this section we

will present the reflected THz intensity from Ag NWs with different lengths. The

investigated Ag NWs are embedded in anodic aluminum oxide (AAO) [151, 152]
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on high-resistivity Si wafer. The SEM images of the Ag NWs with different lengths

are shown in Fig. 4.11. We can see that the sample with short NWs (e.g. 50 nm)

seems to be a homogeneous thin metal film, while the one with long NWs shows

obvious Ag NW/air composite and inhomogeneous surface.

Figure 4.11: SEM images of Ag NWs with different lengths. (a) 50 nm; (b)
88 nm; (c) 150 nm; (d) 187 nm (from Y. Feng at University of Konstanz).
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Figure 4.12: Schematic illustration of reflected p-polarized THz beam from
Ag NWs.

Because of the thin Au layer below the Ag NWs and the metal-like properties

of the NWs, THz pulse cannot transmit trough the samples as that for TiO2 NWs

discussed above. Therefore we can only measure the reflected THz intensity from

the Ag NWs, rather than the time-resolved THz spectroscopy. Fig. 4.12 shows

the detailed view of the reflected p-polarized THz at the sample surface in the
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reflection geometry (Fig. 4.5(a)). Compared with the reflection spectra of the

TiO2 NWs, only one reflected THz pulse exists in the time domain. The reference

is obtained by measuring the reflected THz pulse from a thick Au layer that serves

as a perfect reflector.

The reflected THz waveforms by the Au layer and the Ag NWs are illustrated

in Fig. 4.13. There are significant amplitude modulations between the samples

and the reference. Moreover, the reflected amplitude decreases monotonically with

increasing NWs length. This indicates that long NWs absorb and scatter more

THz radiation than short ones. By normalizing the frequency-domain spectra of

the samples to that of the reference (4.14(a)), we can obtain the reflection spectra

of the NWs depicted in Fig. 4.14(b). The reflection decreases by about 10% from

L = 50 nm to L = 187 nm. Moreover, the reflection decreases with increasing

frequency, which seems to be more compatible with the tendency of the classical

Drude model.
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Figure 4.13: (a) Reflected THz time-domain waveforms of reference and Ag
NWs. (b) Zoom-in of the reflected pulses.
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Figure 4.14: (a) Frequency-domain spectra of the reflected THz pulses. (b)
Normalized reflection amplitude of the THz pulses reflected from the Ag NWs.



Chapter 5

THz Time-Domain Spectroscopy

of 2D Al Gratings

5.1 Introduction

In this section, we will present THz-TDS of periodic 2D aluminum gratings

fabricated on high-resistivity Si wafer. We demonstrate that the resonances in

the THz frequency range observed in the transmission spectrum can be described

by surface plasmon polaritons (SSPs) which has been studied widely since 1990s.

Furthermore, we show surface plasmon resonances which is dependent on the

orientation and shape of the 2D gratings.

5.2 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) are electromagnetic waves propagating along a

dielectric-metal interface and exponentially decaying perpendicular to the surface

[153–155]. SPPs can confine electromagnetic distribution and enhance electro-

magnetic intensity. Since the enhanced light transmission through sub-wavelength

hole arrays were reported by Ebbesen et.al. in 1998 [156], the principles and new

effects of SPPs have been deeply studied. Moreover, the unique properties of

SPPs enable a wide range of practical applications, including enhanced optical

transmission through subwavelength apertures, high resolution optical imaging

and etching below the diffraction limit, and light guiding and manipulation at the

nanoscale and biodetection at the single molecule level.

5.2.1 Dispersion of SPPs

As has been introduced in Section 3.2.1, free carriers in conductors can be

described using Drude model, which behaves as longitudinal density fluctuations

at frequency ωp. These fluctuations are called plasma oscillations. When ω > ωp,

83
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the oscillations can propagate through the volume, which are the volume plasmon

polaritons. At a dielectric-metal interface, it shows that oscillations can also

propagate along the surface with a broad spectrum of eigen frequencies.

We consider a semi-infinite dielectric-metal structure with the interface at x = 0

plane and the electromagnetic waves propagating along the z-axis (Fig. 5.1). εd
and εm are the dielectric functions of the dielectric and the metal, respectively. We

will consider the cases of TE and TM modes in this semi-infinite dielectric-metal

structure, respectively.

x

z

Metal

Dielectric

0

ε
m

ε
d

Figure 5.1: Smooth semi-infinite dielectric-metal interface.

For TE mode, the electromagnetic field distribution can be expressed as

~E =

(0, Eyd, 0) exp[i(kzdz + kxdx− ωt)] x > 0

(0, Eym, 0) exp[i(kzmz − kxmx− ωt)] x < 0
(5.1)

~H =

(Hxd, 0, Hzd) exp[i(kzdz + kxdx− ωt)] x > 0

(Hxm, 0, Hzm) exp[i(kzmz − kxmx− ωt)] x < 0
(5.2)

where Eid, Hid, and kid (i = x, y, z) are the electric field, magnetic field, and wave

vector along the corresponding axis in the dielectric. Similarly, Eim, Him, and kim
are the electric field, magnetic field, and wave vector along the corresponding axis

in the metal. Moreover, the wave vectors satisfy the relation

k2
xd + k2

zd = εdk
2
0, k

2
xm + k2

zm = εmk
2
0 (5.3)

where k0 = ω/c, is the wave vector in vacuum, with ω the angular frequency of

the electromagnetic field and c the speed of light in vacuum.
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Based on Maxwell’s equations [157], the relation between the electric field ~E

and the magnetic field intensity ~H is

∇× ~E = −µ∂
~H

∂t
(5.4)

where µ is the permeability describing the degree of magnetization of a material

in response to a magnetic field. In most cases µ = 1, thus Eq. 5.2 becomes

~H =


Eyd
iω

(−ikzd, 0, ikxd) exp[i(kzdz + kxdx− ωt)] x > 0

Eym
iω

(−ikzm, 0,−ikxm) exp[i(kzmz − kxmx− ωt)] x < 0

(5.5)

Based on the boundary conditions at the x = 0 plane, we obtain the following

relations

Eyd = Eym, kzd = kzm,
kxdEyd
ω

= −kxmEym
ω

(5.6)

The relations above can be satisfied only when Eyd = Eym = 0, which indicates

that surface plasmon waves cannot exist as TE mode in the semi-infinite dielectric-

metal structure.

For TM mode, the electromagnetic field distribution takes the form

~H =

(0, Hyd, 0) exp[i(kzdz + kxdx− ωt)] x > 0

(0, Hym, 0) exp[i(kzmz − kxmx− ωt)] x < 0
(5.7)

~E =

(Exd, 0, Ezd) exp[i(kzdz + kxdx− ωt)] x > 0

(Exm, 0, Ezm) exp[i(kzmz − kxmx− ωt)] x < 0
(5.8)

Similar to the TE mode, the relation between the magnetic field intensity ~H

and the electric field ~E is

∇× ~H = ε
∂ ~E

∂t
(5.9)

Therefor Eq. 5.8 can be rewritten as

~E =


iHyd

εdω
(−ikzd, 0, ikxd) exp[i(kzdz + kxdx− ωt)] x > 0

iHym

εmω
(−ikzm, 0,−ikxm) exp[i(kzmz − kxmx− ωt)] x < 0

(5.10)

According to the boundary conditions at the x = 0 plane, we can obtain

Hyd = Hym, kzd = kzm,
kxdHyd

εd
= −kxmHym

εm
(5.11)
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In combination with Eq. 5.3, the SPP dispersion can be expressed as

kSP =
ω

c

√
εmεd
εm + εd

(5.12)

Thus

kxd =
ω

c

√
ε2
d

εm + εd
, kxm =

ω

c

√
ε2
m

εm + εd
(5.13)

The dielectric functions of materials are complex, especially for metals εm = ε′m +

iε′′m, so the propagation constant is also complex with kSP = k′SP + ik′′SP . The real

and imaginary parts of kSP are approximately

k′SP =
ω

c
(
εdε
′
m

ε′m + εd
)1/2 (5.14)

k′′SP =
ω

c
(
εdε
′
m

ε′m + εd
)3/2 ε

′′
m

2ε′2m
(5.15)

Usually, ε′m < 0 and |εm| > εd. If ε′′m � ε′m, kSP is real, while kxd and kxm are

imaginary. Therefore we can conclude that SPPs is a surface electromagnetic wave

that exists as a TM mode.

The SPP dispersion relation can be plotted based on the Drude model, which

is shown in Fig. 5.2. As can be seen, the propagation constant of SPPs is always

larger than that of the light line (red curve) and approaches the light line at low

frequencies, which means that the SPPs is nonradiative. At large kz, ω approaches

ωp/(1 + εd)
1/2 (ε′m → −εd), where the group and phase velocities decrease to zero.

Therefore the surface plasmons resemble localized collective oscillations near the

surface. The blue curve in the left of the light line represents the dispersion relation

of the radiative volume plasmon polaritons, which is expressed as ω2 = ω2
p + c2k2

z .

kz

ω

ωp

ω εp d/(1+ )
1/2

ω=ckz

plasmon
polariton

surface plasmon polariton

Figure 5.2: SPP dispersion relation.
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We can obtain the wavelength of SPPs from the real part of kSP , which is given

by

λSP =
2π

k′SP
=

2πc

ω
(
εdε
′
m

ε′m + εd
)1/2 (5.16)

Due to the imaginary part of the dielectric function of the metal, there will be

damping as the SPPs propagates along the dielectric-metal interface, which will

lead to decaying of the electromagnetic field. The length after which the intensity

decreases to 1/e is expressed as

LSP =
1

2k′′SP
=
c

ω
(
ε′m + εd
εdε′m

)3/2 ε
′2
m

ε′′m
(5.17)

Because kxd and kxm are imaginary, the SPPs electromagnetic field will decrease

exponentially in the direction normal to the dielectric-metal interface with its

maximum value at the interface (x = 0). Hence the skin depths at which the

electromagnetic field decays to 1/e in dielectric and metal are given by, respectively

σd =
c

ω
|(εm + εd

ε2
d

)1/2|, σm =
c

ω
|(εm + εd

ε2
m

)1/2| (5.18)

We can see that the SPPs decays faster in metal than in dielectric. The

propagation of SPPs and the charge distribution [158, 159] are schemed in Fig.

5.3

++++++ - - - -- -

++++++ - - - -- -
++++++ - - - -- -

++++++ - - - -- -

kz

Ex

Ez
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x

E x( )

Figure 5.3: Schematic of the propagation of SPPs and the corresponding
charge distribution at a dielectric-metal interface.

5.2.2 Excitation of SPPs

To excite SPPs, two indispensable conditions should be satisfied. The first one

is that the frequency of the incident light should be the same as the resonance

frequency of the SPPs, which is not very difficult to be achieved in practice.

The second one is that the propagation constant of the incident light along the

dielectric-metal interface should match that of the SPPs, which gives rise to

difficulties to excitation of SPPs, because the dispersion relation always lies in the
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right of the light line as has been shown in Fig. 5.2. Therefore the propagation

constant of SPPs along the interface is always larger than that of the incident light

(kz > ω/c) at a given light frequency. This means that SPPs cannot be excited

straightforwardly. In order to match the propagation constant of the SPPs, the

propagation constant of the incident light has to be increased by a certain value.

Thus it becomes necessary to introduce some special structures for satisfying

propagation constant matching condition between SPPs and the incident light.

The mostly used three approaches for exciting SPPs are prism coupling, near-field

excitation, and grating coupling, which will be briefly introduced here.

θ
SP θ

SP1

θ
SP2

n >nprism L

θ
SP

(a) (b) (c)

(d) (e) (f)

Figure 5.4: SPPs excitation configurations: (a) Kretschmann geometry, (b)
two-layer Kretschmann geometry, (c) Otto geometry, (d) excitation with an
scanning near field optical microscopy (SNOM) probe, (e) diffraction on a
grating, and (f) diffraction on surface features.

(1) Prism coupling (ATR). Fig. 5.4(a)(b)(c) illustrate Kretschmann geometry,

two-layer Kretschmann geometry, and Otto geometry. In Kretschmann geometry,

a metallic thin film is evaporated on a prism surface. When the incident angle

of the light is over the critical angle, there will be an evanescent light wave with

a propagation constant kz =
√
εd sin θiω/c along the prism-metal interface. The

propagation constant is larger than that of the light, so SPPs will be excited under

the resonance condition in the region of total reflection at the prism-metal interface

by adjusting the incident angle θi (Fig. 5.5). As the thickness of the metallic thin

file increases, however, the propagation constant matching condition will not be

satisfied by only adjusting the incident angle of the light. In this case, medium

with smaller dielectric function compared with the prism can be inserted between

the prism and the metallic thin film, which comprise the two-layer Kretschmann

geometry. This two-layer structure ensures photons tunneling to the inner surface

of the metal and exciting SPPs at both surfaces of the metal (Fig. 5.4(b)). When

the metal film is very thick, the Otto geometry can be used for SPPs excitation. In
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Otto geometry, there is a very narrow air gap between the prism and the metal, and

SPPs at air-metal interface can be excited using the totally reflected evanescent

wave at the prism-air interface. Some applications about SPPs excited from ATR

can be found in Refs. [160, 161]

k
z

ω

ω=ck
z

SPP dispersionω0

ω ε θ= sinck /
z SP

1/2

photon in dielectricphoton in air

k
0

z

Figure 5.5: SPPs excitation by Kretschmann geometry.

(2) Near field excitation. As shown in Fig. 5.4(d), SPPs can be excited by

illuminating the surface of the metal through a sub-wavelength sized probe tip.

The output light from the probe tip includes lights with different propagation

constants, in which there are components equal to and larger than the propagation

constant of the SPPs, thus SPPs can be excited in the local region of the near

field [162].

(3) Gratings coupling. As shown in 5.4(e), if light is incident at an angle θi
to gratings with a grating constant a in the surface of a metal, the propagation

constant component along the metal surface will be ω/c sin θi ± Nkg, with N an

integer and kg = 2π/a the grating vector. In this way, SPPs can be excited because

the matching condition can be satisfied when ω/c sin θi±Nkg = kSP [163]. Except

for gratings, SPPs can also be excited from defects in the surface of the metal

(5.4(f)) [164].

Besides the above three approaches for SPPs excitation, SPPs can also be excited

by waveguide modes coupling, strong beam focusing and so on. In Section 5.4, we

will present the excited SPP resonance from several 2D Al gratings in the THz

frequency range.

5.3 Fabrication Processes of 2D Al Gratings

To successfully fabricate the investigated 2D Al gratings on high-resistivity Si

wafer, several steps and procedures are needed to be operated, which will be

introduced in more details in this section.
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Spin-coating is the first step before etching the desired patterns on the substrate

using electron beam lithography (E-beam lithography). After developing the

etched patterns, layers of metals are deposited on the substrate by thermal

evaporation. Then the desired metallic structures can be obtained after dissolving

away the remaining resists on the substrate, which is called lift-off.

5.3.1 Spin-Coating

Spin-coating is used to produce homogeneous thin films of resist on substrate, so

that the resist can be etched with electron beam lithography. This is done by

fixing a substrate on the spin coater via the integrated vacuum suction, applying

appropriate amount of resist on the substrate, and then spinning the substrate

with a few thousand rotations per minute (RPM) for a defined time (e.g. 90

seconds). Because the substrate is in the center of the spin coater, the resist will

be distributed by the centrifugal force and form a thin homogeneous film with

constant thickness [165]. The thickness of the film is determined by the rotation

speed of the spin coater, the viscosity of the resist, and the temperature of the

substrate [166]. After spin-coating, the sample should be baked in an oven for a

while to remove the remaining condensed water and solvents.

To fabricate 2D Al gratings, two-side polished high-resistivity Si wafer with

thickness of about 525 µm is used as the substrate. Two positive resists are

employed for coating the substrate. One is MMA-MAA (MMA stands for methyl

methacrylate, and MAA stands for methacrylic acid), and the other is PMMA

(polymethylmethacrylate). A two-layer system is formed on the Si wafer after

spin-coating, and the resultant thicknesses of the MMA-MAA and PMMA layers

are about 600 nm and 200 nm, respectively. After spin-coating, the sample is

baked in an oven at 170◦C for about 30 minutes to stabilize the resists layers.

5.3.2 Electron Beam Lithography

With the E-beam lithography, small structures at nanometer scales can be

fabricated because the matter wavelength of the accelerated electrons is so small

that the diffraction-limited resolution will not be reached in such a fabrication

scale, which enables focusing the electron beam to a very small diameter and thus

results in a very high resolution [166].

The E-beam lithography is performed using the electron beam in the scanning

electron microscope (SEM) in combination with the lithography system (Elphy

Plus from the Raith company). Besides imaging and element analysis, the electron

beam in SEM can also be used to alter the chemical properties of electron resists.

The electron beam can break long chains of molecules into smaller sections [167,

168], and then the molecules with lower weight can be removed with an appropriate

developer, with only the desired patters remaining on the substrate. With the
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software in the lithography system, the desired structures can be designed within

a square writing field with a maximum area of 1 mm × 1 mm. When writing the

structures on the resists, the areas with the desired patterns are exposed to the

scanning electron beam, whereas the other areas are prevented to be exposed.

After writing the desired patterns in the resist with the electron beam, the

sample is developed to remove the exposed molecules with lower weight. The

mostly used developer is a mixture of methyl isobutyl ketone (MIBK) and

isopropanol (IPA). In the two-layer polymers system in which PMMA is on the top,

it will result in an undercut [169], because PMMA is more sensitive to electron

beam than the copolymer MMA-MAA. Compared with one-layer system, two-

layer system makes the processes afterwards such as evaporation and lift-off more

convenient, since the resultant structure by metal vapor deposition will not contact

with the resist due to the undercut (Fig. 5.6(c)(d)).

PMMA MMA-MAA

Si

Electron beam

Al
(a)

(b)

(c)

(d)

(e)

Figure 5.6: Fabrication processes of metallic structures on Si substrate: (a)
Spin-coating; (b) Electron-beam lithography; (c) Developing; (d) Evaporation;
(d) Lift-off.

5.3.3 Evaporation and Lift-Off

After developing, the remaining resists on the substrate serve as a mask for metal

vapor deposition. By means of thermal evaporation, an aluminum film of about

500 nm thick is deposited on the substrate. Preparation works for evaporation

is performed as follows: (1) Put Al particles in a tungsten boat which can be

heated to the boiling point of Al by resistance heating; (2) Fix the sample on the

holder with the resists facing to the direction in which the metal vapor goes; (3)

Close the chamber and evacuate it to a pressure under 1 × 10−6 mbar, so that

the thermally activated atoms of the metal can move from the boat to the sample

without interaction.
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When starting evaporation, the film growth rate is controlled by the current,

and the film thickness is monitored using a quartz crystal sensor, which changes

its resonance frequency according to the amount of metal atoms deposited on

it [170]. Once the desired metal film thickness is achieved, the sample can be

separated from the metal vapor by a shutter, and the sample can be removed from

the holder after turning off the heating system and ventilating the chamber.

The next step is the lift-off, in which the resists are dissolved in acetone with

only the metal structures remaining on the substrate surface. Due to the undercuts

shown in Fig. 5.6(c), the lift-off process is very easy to operate. In summary, all

the fabrication processes mentioned above are schemed in Fig. 5.6.

5.4 THz-TDS of 2D Al Gratings

As has been discussed in Section 5.2.2, SPPs can be excited in gratings at surface

of metal. SPPs in the THz frequency range has attracted more and more interests

in recent years [171–177]. Moreover, metallic hole array with period of micrometer

scale has been proved to be an efficient method for SPPs excitation in the THz

frequency range [178]. If the period of the hole array along the y and z axes are

Ly and Lz, respectively, the SPPs propagation constant can be written as

~kSP = ~k‖ +m~Ky + n ~Kz (5.19)

where ~k‖ is the propagation constant of the electromagnetic wave along the

dielectric-metal interface, and k‖ = 0 for a normally incident electromagnetic

wave. m and n are integers. Ky = 2π/Ly and Kz = 2π/Lz, are the grating vector

along the y- and z-axis, respectively.

In this section we will demonstrate the THz-TDS of the fabricated 2D Al

gratings on Si wafer, and discuss the excited SPPs by THz radiation. The shapes

of the 2D gratings are square, rectangular, and circular, respectively. In addition,

we also demonstrate the effects of the orientation and shape of the gratings on the

transmitted THz radiation.

5.4.1 2D Square Gratings

Figure 5.7 shows the microscope images of the 2D square Al gratings with the

designed side lengths of 10 µm, 20 µm, 40 µm, and 80 µm, respectively. As

schemed in Fig. 5.8, the lattice constants in the two orthogonal directions are two

times of the side length of the square. We note that the actual dimensions of the

fabricated 2D gratings are a bit different from the designed values.

The transmitted THz time-domain data and the corresponding frequency-

domain spectra of bare Si wafer (reference) and the samples shown in Fig. 5.7
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Figure 5.7: The microscope images of the 2D square Al gratings with the
dimensions of 10 µm×10 µm, 20 µm×20 µm, 40 µm×40 µm, and 80 µm×80 µm,
respectively. The lattice constants in the two orthogonal directions are two times
of the side lengths of the squares

a

L=2a

Figure 5.8: Schematic of 2D square Al gratings with the lattice constant two
times of the side length of the square.



Chapter 5. THz Time-Domain Spectroscopy of 2D Al Gratings 94

are illustrated in Fig. 5.9, and the transmissions of the samples normalized to the

reference are shown in Fig. 5.10. As can be seen, there are significant differences

between the transmitted THz signals of the samples and the reference, especially

for the gratings with larger dimensions, which demonstrates a significant dimension

dependent THz transmission. Moreover, there is almost no time delay between

the samples and the reference in the temporal waveforms. From the transmission,

we can see that there are broad band resonances relative to the dimension of the

gratings. For instance, for the square gratings with lattice constants of about

160 µm, 80 µm, and 40 µm, the center resonance frequencies are at around 0.52

THz, 1.04 THz, and 2.05 THz, respectively. We cannot measure the spectra at

higher frequency, but it can be predicted that the center resonance frequency

for the square gratings with lattice constant of 20 µm should be around 4 THz.

The lattice constants of the gratings measured through the microscope image are

approximately 173.3 µm, 86.5 µm, 43.3 µm, and 21.5 µm, respectively.
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Figure 5.9: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of bare Si wafer (reference) and the 2D square Al gratings with
different dimensions on Si wafer.

0.5 1.0 1.5 2.0 2.5 3.0
0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

Frequency (THz)

 Square 80 m
 Square 40 m
 Square 20 m
 Squrae 10 m

Figure 5.10: Normalized THz transmission of the 2D square Al gratings with
different dimensions.
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Based on Eqs. 5.12 and 5.19, we can obtain the resonance wavelength when the

THz beam is normally incident to the 2D gratings with its polarization parallel to

one of the lattice vectors

λr = L

√
εmεd
εm + εd

(5.20)

where L is the lattice constant.

In the THz frequency range, the dielectric constant of most metals is several

orders of magnitude larger than that of the dielectric, thus metals can be treated

as perfect electric conductor. For Al in the THz frequency range, this assumption

is also available because the imaginary dielectric constant of Al is in the order of

106 at 1 THz [179], while εSi ≈ 11.70 corresponding to nSi ≈ 3.42. Hence the

relation between the resonance wavelength and the lattice constant expressed in

Eq. 5.20 can be transformed to

λr
L
≈
√
εd = nd (5.21)

Table 5.1 shows the calculated λ/L according to the measured lattice constant of

the gratings and the transmitted spectra. As is illustrated, the ratio between the

resonance wavelength and the lattice constant is close to the refractive index of Si

in the THz frequency range, which indicates that the resonances are attributed to

SPPs excited in the gratings.

Table 5.1: Resonance wavelength and the lattice constant of 2D square Al
gratings on Si wafer

L (µm) λr (µm) λr/L
173.3 576.9 3.33
86.5 288.5 3.33
43.3 146.3 3.38

Furthermore, we can broadly deduce the normalized THz transmission of the

corresponding complementary 2D hole arrays in Al plate with the same dimensions

based on Babinet’s principle, whereby the sum of the two transmitted complex

electric fields satisfy the following relation

Ẽ1(ω) + Ẽ2(ω) = Ẽ0(ω) (5.22)

where Ẽ1(ω) and Ẽ2(ω) are the transmitted complex electric fields through the 2D

square gratings and its complementary structure, while Ẽ0(ω) is the transmitted

complex electric field through the bare substrate. Fig. 5.11 shows the calculated

THz transmission of the complementary structure of the 2D square Al gratings,

which seems to be similar to the experimentally measured THz transmission of

hole arrays in thin Al plate by Qu et al. [180].
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Figure 5.11: The calculated THz transmission through the complementary
structure of the 2D square Al gratings based on Babinet’s principle.

5.4.2 2D Rectangular Gratings

Figure 5.12 shows the microscope images of the 2D rectangular Al gratings with

the designed dimensions of 7.5 µm×5 µm, 15 µm×10 µm, 37.5 µm×25 µm, and

75 µm×50 µm, respectively. The lattice constants in the two orthogonal directions

along the long and short sides are two times of the corresponding side lengths of the

rectangles, which is schemed in Fig. 5.13. In order to know how the orientation

of the 2D gratings affect the transmission and the resonance frequency, we will

present the comparison between the transmitted signals when the THz polarization

is parallel to the long and the short sides of the rectangles, respectively.

Figure 5.14 shows the time-domain data and the corresponding frequency-

domain spectra of the reference and the samples when the THz polarization is

parallel to the long side of the rectangles, and Fig. 5.15 depicts the corresponding

normalized THz transmission through the rectangular gratings on Si wafer. Similar

to the case of 2D square gratings, the transmitted THz signals of the samples and

the reference are significantly different, which is more obvious in the frequency-

domain spectra. From the transmission, we can see that the average transmissions

are lower, and the resonances are broader than those of the square gratings. Fur-

thermore, the center resonance frequencies for the samples with lattice constants

of about 150 µm, 75 µm, and 30 µm are around 0.54 THz, 1.10 THz, and 2.72

THz, respectively. We can also predict that there should be a resonance centered

at around 5.4 THz for the rectangular gratings with the lattice constant of 15

µm. The lattice constants of the rectangulare gratings along the long sides are

measured as around 155.6 µm, 79.4 µm, 31.5 µm, and 16.0 µm, respectively.

Based on Babinet’s principle, the calculated THz transmission of the comple-

mentary structure of the 2D rectangular gratings when the THz polarization is

parallel to the long side is illustrated in Fig. 5.16.
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7.5 m 5 mμ μ× 15 m 10 mμ μ×

37.5 m 25 mμ μ× 75 m 50 mμ μ×

100 mμ

Figure 5.12: The microscope images of the 2D rectangular Al gratings with
the dimensions of 7.5 µm × 5 µm, 15 µm × 10 µm, 37.5 µm × 25 µm, and
75 µm× 50 µm, respectively. The lattice constant along the long (short) is two
times of the corresponding side length of the rectangles.
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Figure 5.13: Schematic of 2D rectangular Al gratings with the lattice constant
along the long (short) side two times of the corresponding side length of the
rectangle.
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Figure 5.14: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of bare Si wafer (reference) and the 2D rectangular Al gratings on
Si wafer when the THz polarization is parallel to the long side of the rectangles.
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Figure 5.15: Normalized THz transmission of the 2D rectangular Al gratings
when the THz polarization is parallel to the long side of the rectangles.

Figure 5.16: The calculated THz transmission through the complementary
structure of the 2D rectangular Al gratings base on Babinet’s principle when
the THz polarization is parallel to the long side.
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Figure 5.17 illustrates the time-domain data and the corresponding frequency-

domain spectra when the THz polarization is parallel to the short side of the

rectangles, and Fig. 5.18 shows the THz transmission of the samples normalized

to the reference.
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Figure 5.17: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of bare Si wafer (reference) and the 2D rectangular Al gratings on Si
wafer when the THz polarization is parallel to the short side of the rectangles.
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Figure 5.18: Normalized THz transmission of the 2D rectangular Al gratings
when the THz polarization is parallel to the short side of the rectangles.

We can obviously observe differences between the samples and the reference

from the spectra and the transmission. The total transmissions are higher

than the case when the THz polarization is parallel to the long side of the

rectangles, and the resonances seem to be much sharper. Moreover, it shows

weaker frequency dependence when the THz polarization is parallel to the short

side of the rectangles. The center resonance frequencies for the samples with

lattice constants of about 100 µm and 50 µm are around 0.84 THz and 1.62 THz,

respectively. Similarly, we can expect resonances at around 4 THz and 8 THz for

rectangular gratings with lattice constants of about 20 µm and 10 µm, respectively.

The measured lattice constants of the gratings along the short sides are around



Chapter 5. THz Time-Domain Spectroscopy of 2D Al Gratings 100

106.6 µm, 53.7 µm, 22.9 µm, and 10.9 µm, respectively. Based on Babinet’s

principle, the calculated THz transmission of the complementary structure of the

2D rectangular gratings when the THz polarization is parallel to the short side is

illustrated in Fig. 5.19

Figure 5.19: The calculated THz transmission through the complementary
structure of the 2D rectangular Al gratings base on Babinet’s principle when
the THz polarization is parallel to the short side.

Table 5.2 shows the calculated λ/L according to the measured lattice constants

of the 2D rectangular gratings along the two orthogonal directions and the

transmitted spectra. As can be seen, the ratio between the resonance wavelength

and the lattice constant is close to the refractive index of Si in the THz frequency

range. Therefore the orientation of the 2D rectangular gratings will affect the

total transmission and the resonance frequency of SPPs, but the ratio between

the resonance wavelength and the lattice constant is always close to the refractive

index of the substrate.

Table 5.2: Resonance wavelength and the lattice constant of the 2D
rectangular Al gratings on Si wafer

‖ ~ETHz L (µm) λr (µm) λr/L

long side
155.6 555.6 3.57
79.4 272.7 3.43
31.5 110.3 3.50

short side
106.6 357.1 3.35
53.7 185.2 3.45

5.4.3 2D Circular Gratings

Figure 5.20 shows the microscope images of the 2D circular Al gratings with the

designed diameters of 10 µm, 20 µm, 40 µm, and 80 µm, respectively. The lattice
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100 mμ

D=10 mμ D=20 mμ

D=40 mμ D=80 mμ

Figure 5.20: The microscope images of the 2D circular Al gratings with
diameters of 10 µm, 20 µm, 40 µm, and 80 µm, respectively. The lattice
constants in the two orthogonal directions are two times of the diameters of
the circles

L=2D

D

Figure 5.21: Schematic of 2D circular gratings with the lattice constant two
times of the diameter of the circle.



Chapter 5. THz Time-Domain Spectroscopy of 2D Al Gratings 102

constants in the two orthogonal directions are two times of the diameter of the

circle, which is schemed in Fig. 5.21.
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Figure 5.22: Time-domain data (a) and the corresponding frequency-domain
spectra (b) of bare Si wafer (reference) and the 2D circular Al gratings with
different dimensions on Si wafer.
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Figure 5.23: Normalized THz transmission of 2D circular Al gratings with
different dimensions.

The transmitted THz time-domain data and the corresponding frequency-

domain spectra of the reference and the samples are shown in Fig. 5.22. In

addition, the normalized transmission of the 2D circular gratings are illustrated in

Fig. 5.23. We can see that there are significant differences between the transmitted

THz signals of the samples and the reference. Moreover, there is almost no time

delay between the samples and the reference in the temporal waveforms. In the

transmission, there are broadband resonances, and the total transmission and the

resonance frequency are different with different grating dimensions. The center

resonance frequencies for the 2D circular gratings with lattice constant of about

160 µm, 80 µm, and 40 µm are around 0.53 THz, 1.05 THz, and 2.06 THz,

respectively. We can predict that there will be a resonance at around 4 THz for

the sample with lattice constant of about 20 µm. The lattice constants of the
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gratings measured with the microscope are around 171.6 µm, 86.3 µm, 43.3 µm,

and 21.8 µm, respectively. It should be noted that the designed lattice constants

of the 2D circular gratings are the same as those of the square gratings, thus

the resonance frequencies of the two kinds of gratings are very close. However,

the circular gratings exhibit broader resonances than the square gratings, which

should stem from the shape of the gratings.

Table 5.3 shows the calculated λ/L according to the measured lattice constants

of the 2D circular gratings and the transmitted spectra. Similar to the cases of the

2D gratings discussed above, the ratio between the resonance wavelength and the

lattice constant is close to the refractive index of Si in the THz frequency range.

We can broadly calculate the THz transmission of the complementary structure

of 2D circular Al gratings based on Babinet’s principle as well, which is illustrated

in Fig. 5.24.

Table 5.3: Resonance wavelength and the lattice constant of 2D circular Al
gratings on Si wafer

L (µm) λr (µm) λr/L
171.6 566.0 3.30
86.3 285.7 3.31
43.3 146.3 3.36
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Figure 5.24: The calculated THz transmission through the complementary
structure of the 2D circular Al gratings based on Babinet’s principle.

In summary, we demonstrate that the 2D Al gratings exhibit surface plasmons

resonance in the THz frequency region. By comparing the transmission of the

square, rectangular, and circular gratings, we see that the total transmission and

the resonance frequency are dependent on the dimension, orientation, and shape

of the 2D gratings. If we regard Al as a perfect electric conductor, the ratio

between the resonance wavelength and the lattice constant of the 2D gratings

shows a satisfactory agreement with Eq. 5.21, which indicates that the resonances
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in the 2D gratings are mainly attributed to SPPs. Additionally, the THz

transmission through the complementary structure of the gratings are calculated

based on Babinet’s principle, which shows similar tendency with the experimental

measurements in some references. In order to obtain a deeper understanding, it

would be helpful to perform FDTD simulation of the 2D gratings in future.



Chapter 6

THz-TDS of Organic Liquids and

Polystyrene Particles

6.1 THz-TDS of Organic Liquids

Molecular motions in liquids is very interesting but relatively complicated to study

compared with solid state and gas because the usual descriptions of molecular

dynamics in solids and gases will not work well any more. In gases it can be

supposed that a single molecule rotates and vibrates freely until it is interrupted

by occasional collisions [181], which results in distinct dielectric spectra. In

solids (single crystals), on the other hand, the combinations of phonon modes

and intramolecular vibrations should be taken into account [182]. In the case of

liquids, the molecular dynamics such as hindered translations or rotations can be

approximately described in combination with the two cases of gases and solids,

except for the diffusion or structural relaxation [138, 183–185]. The time scale of

rotational and vibrational motions of molecules in liquids are usually located in

picosecond, therefore THz-TDS is suited to study molecular dynamics in liquids.

Due to the considerably high absorption of the liquids to THz radiation,

reflection geometry of THz-TDS is frequently employed to investigate THz optical

properties of liquids. In the past decades, liquid water, water-ethanol mixtures,

NaCl solutions, and other kinds of liquids have been intensely studied using the

reflection geometry [139, 186–189]. Transmission geometry, on the other hand, will

provide more accurate quantitative determination of THz dielectrics because THz

radiation can sufficiently interact with the samples during transmitting through

the liquids [190]. Moreover, the polarization of the normally incident THz beam in

transmission geometry is not so stringent as that in reflection geometry. However,

in order to get high enough signal to noise ratio, transmission geometry requires a

short liquid path length, which will make it difficult to carry out the experiment

and calculate the complex dielectrics. In this section, we will present transmitted

105
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THz-TDS of several kinds of liquids and demonstrate quantitative determination

of their optical properties at different temperatures in the THz frequency regime.

6.1.1 THz Properties of SSK2
∗ Dissolved in DCM

Dichloromethane (DCM) is an organic compound with the formular CH2Cl2 (Fig.

6.1), which has a low boiling point of about 39.6◦C at 1 atm. DCM is widely used as

a solvent because it is miscible with many organic solvents [191]. Moreover, it has

the same C2v symmetry and similar gas-phase dipole moment as water but doesn’t

form H-bonds [192, 193], therefore the structure and dynamics of DCM have been

intensely studied since 1980s. The liquid samples investigated in Sections 6.1.1

and 6.1.2 are from research group of Prof. Dr. Rainer Winter at University of

Konstanz. Because the samples are dissolved in DCM, it is helpful to investigate

the optical properties of DCM in the THz frequency range firstly.

Figure 6.1: Molecular structure of dichloromethane (DCM).

Figure 6.2(a) shows the schematic of the cuvette for measuring the liquids in the

THz-TDS setup. It includes 1-mm-thick quartz windows on both sides, which are

spaced by Al with a path length of approximately 300 µm. With such a cuvette,

the temperature of the liquids can be changed by adjusting the temperature of the

heat-conductive Al holder.

Figure 6.2(b) illustrates the schematic of the THz transmission through the

liquid sample in the cuvette. According to the data analysis method discussed

in Section 2.4, the evolution of the THz electric field of the air reference and the

cuvette with sample inside can be expressed as

ER(ω) = Ein(ω) exp[−iω(d1 + l + d2)/c] (6.1)

ES(ω) = Ein(ω)tartrstsrtra exp[−iωnr(d1 + d2)/c] exp(−iωnsl)FP(ω) (6.2)

FP(ω) =

p∑
p=0

[rsrrsr exp(−i2ωnsl/c)]p (6.3)

where the Fabry-Pérot terms inside quartz windows are not included, because

the echoes can be clearly separated in the temporal window due to the large

∗SSK2 does not refer to the chemical compositions, but is an internal label for this sample.
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thickness of the quartz window. c is the speed of light in vacuum. d1, d2,

and l are the thicknesses of the two quartz windows and the path length of the

cuvette, respectively. nr and ns are the refractive indices of quartz and the sample,

respectively. tar, trs, tsr, tra, and rsr can be obtained according to Eqs. 2.28 and

2.29. Therefore if the frequency dependent complex refractive index of quartz in

the THz frequency regime is known, the complex refractive index of the sample

can be calculated by choosing appropriate numbers of Fabry-Pérot reflections in

Eq. 6.3.
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Figure 6.2: (a) Schematic of cuvette for measuring liquids in THz-TDS
setup. The two quartz windows are spaced by Al; (b) Schematic of THz beam
transmitting through liquid samples in cuvette.

Before measuring the samples in the cuvette, we firstly determine the optical

properties of quartz in the THz frequency range by measuring the transmitted

THz beam through a single quartz plate used as window of the cuvette. Fig. 6.3

illustrates the time-domain data and the corresponding frequency-domain spectra

of the transmitted THz beam through the 1-mm-thick quartz plate. We can clearly

see that the quartz window is highly transparent to THz radiation.
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Figure 6.3: Transmitted THz signal through 1-mm-thick quartz plate used
as window of the cuvette. (a) Time-domain data and (b) frequency-domain
spectra.
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The refractive index and the absorption coefficient of quartz are depicted in Fig.

6.4. As shown in Fig. 6.4(a), the refractive index of quartz can be almost regarded

as a constant since the variation is less than 1.0% in the frequency range 0.3–3.0

THz. The absorption coefficient, on the other hand, shows a more considerable

frequency dependence (Fig. 6.4(b)). However, the absorption coefficient less than

20 cm−1 is not a relatively high value in the THz frequency regime. That is why

we choose quartz plate as window of the cuvette.
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Figure 6.4: Refractive index (a) and absorption coefficient (b) of quartz in
the THz frequency range.

As mentioned above, we can quantitatively determine complex dielectrics of

liquid samples in the cuvette with the knowledge of the complex refractive index

of the quartz window. The sample dissolved in DCM is C48H92Cl2O2P4Ru2 with

molecular weight of 1098.18, which is a kind of wirelike transition metal complex.

The concentration of the sample is 2.93 mmol/L, and its molecular structure is

schemed in Fig. 6.5. More detailed introduction about some relevant complexes

can be found in Refs. [194–196].

Figure 6.5: Molecular structure of C48H92Cl2O2P4Ru2 (SSK2).

The time-domain data and the frequency-domain spectra of air reference, empty

cuvette, DCM in cuvette, sample dissolved in DCM with C = 2.93 mmol/L

at 22◦C are shown in Fig. 6.6, respectively. We can see that DCM has a

considerable absorption compared with the data of empty cuvette. Moreover, only
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tiny phase and amplitude differences between the sample and the DCM solvent

can be observed, which should be due to the low concentration of SSK2.
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Figure 6.6: (a) Time-domain data of air reference, empty cuvette, DCM in
cuvette, and SSK2 dissolved in DCM with C = 2.93 mmol/L at 22◦C; (b) Zoom-
in of the temporal waveforms of DCM and SSK2 dissolved in DCM shown in
(a); (c) Frequency-domain spectra of (a); (d) Zoom-in of the spectra of DCM
and SSK2 dissolved in DCM shown in (c).

To investigate if temperature will affect the dielectric of the samples, we measure

the liquids at 22◦C and 31◦C, respectively. Fig. 6.7 illustrates the calculated

refractive index and the absorption coefficient of DCM at the two temperatures.

We can see that the temperature doesn’t affect the values considerably. For

example, the absorption coefficient at 1 THz increases from 120.8 cm−1 at 22◦C

to 123.2 cm−1 at 31◦C (about 2.0% increase).

The refractive index and the absorption coefficient of SSK2 dissolved in DCM

at 22◦C and 31◦C are shown in Fig. 6.8. Subtracting the refractive index and

the absorption coefficient of the sample from the values of DCM solvent, we

evaluate ∆n and ∆α, which are depicted in Fig. 6.9 (∆n = nSSK2+DCM − nDCM ,

∆α = αSSK2+DCM − αDCM). As can be seen, both the refractive index and

the absorption coefficient increase when SSK2 is dissolved in DCM solvent, even

though the concentration is not very high. Moreover, the effect of SSK2 to the

solvent is more significant at 22◦C than at 31◦C. We can expect more accurate

characterization of SSK2 if the concentration can be increased or it can be prepared

as powders or films in the future.
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Figure 6.7: Refractive index (a) and absorption coefficient (b) of DCM in the
THz frequency range at 22◦C and 31◦C.
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Figure 6.8: Refractive index (a) and absorption coefficient (b) of SSK2

dissolved in DCM with C = 2.93 mmol/L in the THz frequency range at 22◦C
and 31◦C.
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Figure 6.9: Differences of the refractive index (∆n = nSSK2+DCM − nDCM )
(a) and the absorption coefficient (∆α = αSSK2+DCM − αDCM ) (b) between
SSK2 dissolved in DCM (C = 2.93 mmol/L) and the solvent DCM at 22◦C and
31◦C.



Chapter 6. THz-TDS of Organic Liquids and Polystyrene Particles 111

6.1.2 THz Properties of SSK18
∗ Dissolved in DCM

Compared with SSK2, another similar complex which is called SSK18 is much

more soluble in DCM. The chemical formula of SSK18 is C56H108Cl2O4P4Ru2 with

molecular weight of 1242.40. Its molecular structure is shown in Fig. 6.10, which

has two more “wings” in comparison with SSK2 in Fig. 6.5.

O

O

Figure 6.10: Molecular structure of C56H108Cl2O4P4Ru2 (SSK18).
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Figure 6.11: Time-domain data (a) and frequency-domain spectra (b) of DCM
and SSK18 dissolved in DCM (C = 50 mmol/L) at 22◦C.

In this work, the concentration of SSK18 in DCM is around 50 mmol/L, therefore

we observe obvious differences between the sample and the DCM solvent in

the time-domain data and the corresponding frequency-domain spectra, which

∗SSK18 does not refer to the chemical compositions, but is an internal label for this sample.
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Figure 6.12: Differences of the refractive index (∆n = nSSK18+DCM −nDCM )
(a) and the absorption coefficient (∆α = αDCM − αSSK18+DCM ) (b) between
SSK18 dissolved in DCM (C = 50 mmol/L) and the solvent DCM at 22◦C and
31◦C.

is illustrated in Fig. 6.11. As shown in the time-domain data (Fig. 6.11(a)),

the sample shows a positive phase shift, which is similar to the case of SSK2.

However, the amplitude of the sample is larger than that of the solvent DCM.

Although this phenomenon is reproducible, it is somewhat difficult to understand,

which needs further investigation in the future. We calculate the refractive index

and absorption coefficient differences between the sample and DCM as well, which

are depicted in Fig. 6.12 (∆n = nSSK2+DCM−nDCM , ∆α = αDCM−αSSK2+DCM).

As is expected from the spectra in Fig. 6.11, the refractive index increases

while the absorption coefficient decreases when SSK18 is dissolved in DCM with

concentration of 50 mmol/L, in comparison with the DCM solvent. The enhanced

transmission may due to some crystallization-like behaviors of the DCM molecules

induced by the highly concentrated SSK18, which makes it not appropriate to

compare with the pure DCM solvent. However, we can still conclude that the

effect of SSK18 to the DCM solvent is more significant at 22◦C than at 31◦C.

6.1.3 THz Properties of Pyridine, DMSO and DMF

In this section, we will demonstrate optical properties of some other organic liquids

in the THz frequency range. The investigated samples are pyridine, dimethyl

sulfoxide (DMSO), and dimethylformamide (DMF) with chemical formulas as

C5H5N, (CH3)2SO, and (CH3)2NC(O)H, respectively. The molecular structures

of these three samples are shown in Fig. 6.13. Pyridine is structurally related to

benzene, with one methine group replaced by a nitrogen atom. DMSO and DMF

are polar aprotic solvents.

The boiling points of pyridine, DMSO, and DMF are 115.2◦C, 189◦C, and 152◦C,

respectively. Therefore we can adjust the temperature of the samples in a larger

range than the samples related to DCM in previous sections. It should be noted
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Figure 6.13: Molecular structures of pyridine (a), dimethyl sulfoxide (b), and
dimethylformamide (c), respectively.

that the path length of the cuvette here is 622 µm rather than 315 µm as in the

SSK2 and SSK18 measurements, thus the available frequency range of the spectra

will be less due to the lower signal to noise ratio.

A. THz-TDS of pyridine
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Figure 6.14: (a) Time-domain data of air reference, empty cuvette, and
pyridine in cuvette at different temperatures; (b) Zoom-in of the data of pyridine
in cuvette shown in (a); (c) Frequency-domain spectra (in logarithmic scale)
based on (a); (d) Zoom-in of the spectra of pyridine in cuvette shown in (c) (in
decimal scale).
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Figure 6.14 shows the transmitted THz time-domain data and the frequency-

domain spectra of air reference, empty cuvette, and pyridine in the cuvette at

different temperatures, respectively. Except for the considerable low transmission

of the sample, we can observe obvious temperature dependence of the phase shift

and amplitude change. As temperature increases, both the phase and amplitude

of the sample decrease. It should be noted that THz properties of pyridine above

2 THz will not be obtained because of the low signal to noise ratio.
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Figure 6.15: Refractive index (a) and absorption coefficient (b) of pyridine at
different temperatures in the THz frequency range. The black arrow points to
the direction where the temperature increases.

Figure 6.15 illustrates the calculated refractive index and the absorption coef-

ficient of pyridine from 22◦C to 52◦C. The direction of the black arrow denotes

increasing temperature. As can be seen, the refractive index decreases and the

absorption coefficient increases with temperature. At 1 THz, for instance, the

refractive index decreases from 1.48 at 22◦C down to 1.46 at 52◦C, and the

absorption coefficient increases from 65.36 cm−1 at 22◦C up to 67.60 cm−1 at

52◦C.

B. THz-TDS of DMSO

Figure 6.16 shows the transmitted THz time-domain data and the frequency-

domain spectra of DMSO in the cuvette at different temperatures, respectively.

Compared with the transmitted spectra of pyridine, the phase of the sample is

almost temperature independent, while the amplitude shows significant decrease

with increasing temperature. Due to the low signal to noise ratio, the available

frequency range of the spectra for calculating the complex dielectric of DMSO is

below 1.2 THz.

The calculated refractive index and the absorption coefficient of DMSO from

22◦C to 42◦C are illustrated in Fig. 6.17. We can see that the refractive index

does not change significantly with temperature, and the temperature dependence

is not as apparent as that of pyridine, which coincides with the relative stable phase
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in the temporal waveform. The absorption coefficient increases monotonically with

temperature, which is quite obvious in Fig. 6.17(b). At 1 THz, the absorption

coefficient increases from 161.50 cm−1 at 22◦C up to 169.61 cm−1 at 42◦C.
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Figure 6.16: Time domain data (a) and frequency-domain spectra (b) of
DMSO in cuvette at different temperatures.
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Figure 6.17: Refractive index (a) and absorption coefficient (b) of DMSO at
different temperatures in the THz frequency range. The black arrow points to
the direction where the temperature increases.

C. THz-TDS of DMF

The transmitted THz time-domain data and the corresponding frequency-

domain spectra of DMF in the cuvette at different temperatures are shown in

Fig. 6.18. We see that the waveform and the spectrum are similar with those

of DMSO. For example, the phase is almost not dependent on temperature

while the amplitude decreases significantly with temperature. Moreover, the

temperature dependent variation of the transmitted THz signal becomes weaker

when temperature increases from 42◦C to 52◦C. Similarly, the accessible frequency

range for calculating the complex dielectric of DMF is below 1.4 THz.

Figure 6.19 depicts the calculated refractive index and the absorption coefficient

of DMF from 22◦C to 52◦C from 0.2 to 1.4 THz. We can see that the refractive
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index changes slightly with temperature. However, a decrease with temperature

above 0.6 THz can be clearly observed. The absorption coefficient, on the other

hand, shows an obvious monotonic increase with temperatue. At 1 THz, the

refractive index decreases from 1.72 at 22◦C down to 1.70 at 52◦C, and the

absorption coefficient increases from 137.75 cm−1 at 22◦C up to 157.78 cm−1 at

52◦C.
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Figure 6.18: Time domain data (a) and frequency-domain spectra (b) of DMF
in cuvette at different temperatures.
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Figure 6.19: Refractive index (a) and absorption coefficient (b) of DMF at
different temperatures in the THz frequency range. The black arrow points to
the direction where the temperature increases.

6.2 THz-TDS of Polystyrene Particles

Polystyrene (PS) is a synthetic aromatic polymer, and is one of the widely used

plastics in domestic appliances, food containers, toys, packaging, and thermal

insulation. More details about the properties and applications of polystyrene can

be found in Refs. [197, 198].

In this section we will briefly present THz-TDS of polystyrene bulk and particles,

and then discuss the extinction coefficient of polystyrene particles with different
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dimensions. All the samples in this section are from the German Aerospace Center

(DLR).

Figure 6.20 illustrates the microscope images of the investigated polystyrene

sphere particles, which have diameters of about 140 µm, 250 µm, and 500 µm,

respectively.

Figure 6.20: Microscope images of polystyrene sphere particles with diameters
of about 140 µm, 250 µm, and 500 µm, respectively.
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Figure 6.21: Time-domain data (a) and frequency-domain spectra (b) of air
reference, 1950-µm-thick polystyrene bulk, and 2407.9-µm-thick polystyrene
particles. The diameter of the particles is about 250 µm, and the packing
fraction is about 0.55.

Before investigating the THz properties of the polystyrene particles, it is

helpful to compare the spectra of particles with that of polystyrene bulk. The

thicknesses of polystyrene bulk and polystyrene particles are 1950 µm and 2407.9

µm, respectively. In addition, the diameter of the particles is 250 µm. As is shown

in Fig. 6.21, the polystyrene bulk is highly transparent in the THz frequency

regime, even though its path length is around 2 mm. For polystyrene particles,

on the other hand, the transmitted THz amplitude is considerably less than that

of the polystyrene bulk. Moreover, it is almost not transparent to THz radiation

at frequency above 1.5 THz. Fig. 6.22 illustrates the calculated refractive index

and absorption coefficient of the polystyrene bulk, from which we can see that

polystyrene bulk is almost non-dispersive and non-absorptive to THz radiation in

the frequency range 0.2–2.5 THz.
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Figure 6.22: Refractive index (a) and absorption coefficient (b) of polystyrene
bulk in the THz frequency range.

Figure 6.23 shows the transmitted time-domain data and the corresponding

frequency-domain spectra of the particles depicted in Fig. 6.20, and the thicknesses

of the three polystyrene particles with diameters of 140 µm, 250 µm, and 500 µm

are 2060 µm, 2391 µm, and 2578 µm, respectively. Because the thicknesses of the

three samples are not considerably different from each other, we can clearly see

that the significant low transmission of the sample with 500 µm diameter (green

solid curve in Fig. 6.23) is mainly due to its large diameter. In addition, the cutoff

frequency is also dependent on the particle diameter.
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Figure 6.23: Time-domain data (a) frequency-domain spectra (b) of air
reference and polystyrene particles with different diameters in the THz
frequency range. The thicknesses of the three polystyrene particles with
diameters of 140 µm, 250 µm, and 500 µm are 2060 µm, 2391 µm, and 2578
µm, respectively.

Figure 6.24 illustrates the refractive indices and the absorption coefficients of

the three samples, whereby we can see the effect of the particle diameter on THz

transmission. As shown in Fig. 6.24(a), the refractive indices of the particles are

smaller than that of the bulk, because the air gaps among the particles (Fig. 6.20)

will take effect to the effective refractive index.
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Figure 6.24: Refractive index (a) and absorption coefficient (b) of polystyrene
particles with different diameters in the THz frequency range.

When the wavelength of the incident electromagnetic wave is much larger

than the particle diameter, the particle packing can be regarded as homogeneous

medium with effective dielectric constant, thus we can broadly calculate the

packing fraction of particles according to the refractive indices of the bulk and

particles at low frequency. The effective dielectric constant of the particle packing

can be expressed as

εeff = f × εm + (1− f)× εair (6.4)

where f is the packing fraction of the particles. εm and εair are the dielectric

constant of the medium and air, respectively. The calculated packing fraction

according to the data in Fig. 6.24(a) and Fig. 6.22(a) is around 0.55.

In Fig. 6.24(b) we can see that the absorption coefficient of particles are

considerably larger than that of the bulk, especially in high frequency range. This

indicates that scattering of the particles plays an important role. The larger

particles show higher absorption in the low frequency range. Moreover, we can

predict that the highest absorption of the particles with diameter of 140 µm occurs

at around 2.5 THz.

Consequently we can calculate the extinction coefficients of the three samples

using the Lambert-Beer’s low [199]

I1 = I0 exp(−ΦApLQe) = I0 exp(−αL) (6.5)

where Φ is the number density of the particles, Ap the cross-sectional area of

the particles, L the thickness of the sample in the direction of the beam, Qe

the extinction coefficient of the particles, and α the absorption coefficient of the

sample. Therefore Qe can be obtained as

Qe =
α

ΦAp
(6.6)

The calculated extinction coefficients of the three polystyrene particles are
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illustrated in Fig. 6.25. The tendency of the extinction seems to be similar with

the data measured in Ref. [199] in the low frequency range.
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Figure 6.25: Calculated extinction coefficients of polystyrene particles
according to Lambert-Beer’s low.



Summary and outlook
In this dissertation, conventional four-mirror transmission THz-TDS setup in

combination with asynchronous optical sampling was mainly used for character-

izing nonlinear crystals, TiO2 NWs, 2D aluminum gratings, organic liquids, and

polystyrene particles. Optical properties of the materials in the THz frequency

regime were quantitatively determined, and deeper understanding of the underly-

ing dynamics in the materials was achieved. In addition, the reflection THz-TDS

setup was briefly introduced in studying the TiO2 NWs.

In Chapter 2, the fundamentals of the THz-TDS were introduced. THz radia-

tion generated from surface field and microstructured large-area photoconductive

switch was theoretically described and experimentally demonstrated in a THz-

TDS setup based on electro-optic detection. The work principle of ASOPS

technique used in all the measurements in this dissertation was explained. The

evaluation method for quantitative determination of complex dielectric functions

of optically thick bulk and thin films using THz-TDS were introduced in detail. In

addition, propagation of THz beams in a focused THz-TDS setup was described

by applying Gaussian beams and ABCD method, and the defocusing effect on

quantitative determination of the refractive index and the absorption coefficient

was investigated by measuring a thick high-resistivity GaAs wafer.

In Chapter 3, the fundamentals of interaction of light with free carriers and

optical phonons in matter were theoretically introduced. Significant birefringence

and pronounced optical phonon resonances associated with bond-bending modes in

crystals were clearly observed from LISe, LIS, and AGSe crystals. The calculated

complex dielectric functions were well described by the Drude-Lorentz model,

and the temperature dependencies of the plasmon frequency, scattering rates of

free carriers, activation energies of carriers, frequencies and linewidths of optical

phonons were comprehensively investigated. Furthermore, the contributions of

three- and four-phonon processes to the temperature dependent optical phonon

frequency and linewidth were quantitatively determined. Finally THz radiation

generated from AGSe due to optical rectification was experimentally demonstrat-

ed.

In Chapter 4, transmission and reflection THz-TDS of undoped and Sn-doped

TiO2 NWs fabricated on high-resistivity Si wafer were presented. Then the

complex conductivity of the NWs was quantitatively determined using the data

analysis method for thin films and the simple effective medium theory. Further-

more, the calculated complex conductivity based on the experimental data was

satisfactorily fitted with the Drude-Smith model, in which the carrier localization

was considered. The Sn-doped NWs exhibit considerably higher conductivity

than the undoped ones, which corresponds to much larger carrier concentration

according to the Drude-Smith fitting. Additionally, the reflected THz pulse by

121
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Ag NWs is significantly dependent on the length of the NWs, and the reflection

spectra shows somewhat Drude-like tendency.

In Chapter 5, the backgrounds of surface plasmon polaritons (SPPs) and

fabrication processes of 2D aluminum gratings were introduced. The resonance

wavelength in the transmission spectra is proportional to the grating constant,

which can be explained by a simplified SPPs theory. It shows that the ratio

between the resonance wavelength and the lattice constant of the 2D gratings is

almost equal to the refractive index of the substrate. Moreover, the dependencies

of the resonance frequency on the orientation and shape of the gratings were

demonstrated in the transmission spectra of 2D rectangular and circular gratings,

respectively.

In Chapter 6, THz properties of organic liquids and polystyrene particles

were studied. Both the refractive index and the absorption coefficient of SSK2
∗

dissolved in DCM with low concentration are larger than the values of pure DCM

solvent, and the difference between the sample and the solvent becomes smaller at

higher temperature. However, another sample SSK18
∗ which is more solvable in

DCM shows enhanced transmission than the pure solvent. This phenomenon has

not been completely understood yet and needs more detailed discussions in the

future. The temperature dependent refractive indices and absorption coefficients

of pyridine, DMSO, and DMF were also demonstrated. The absorption of all the

three organic solvents exhibits significant increase with temperature. Finally, the

information about the size and the packing fraction of the particles were extracted

by measuring the transmitted THz pulses through polystyrene bulk and particles

in the THz-TDS setup, and the extinction efficiencies of polystyrene particles with

different sizes were calculated according to Lambert-Beer’s law.

For the LISe and AGSe crystals studied in Chapter 3, pronounced optical phonons

have been observed in the THz frequency range. Thus further investigation of the

temperature dependence of free carriers and optical phonons in these crystals

will be interesting, as what we have done with LISe. In order to obtain a

deeper understanding of THz generation from AGSe by optical rectification, the

orientation dependence of the THz pulse could be further studied.

During calculation of the complex conductivity of TiO2 NWs, the high frequency

dielectric constant ε∞ is chosen to be 8.95, which is the corresponding value for

TiO2 bulk. We are not completely sure if this value will be also available for NWs,

but similar method has been commonly used in some references about THz-TDS

of NWs. This value will directly affect the imaginary part of the conductivity, and

further influence all the fitting parameters in the Drude-Smith model, because the

fit is performed according to both the real and imaginary parts of the calculated

complex conductivity. Another uncertainty is the scattering time of the NWs.

∗SSKi dose not refer to the chemical compositions, but is an internal label for this sample.
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In this dissertation we assumed the same scattering time for all the TiO2 NWs,

but it will be helpful to know how doping or post-annealing affects the scattering

time in NWs. Since concentration and mobility of carriers in NWs can be affected

by ultrafast laser, influence of laser excitation on conductivity of NWs will be

interesting to be investigated in the future. For the Ag NWs, it may be possible to

obtain some information about the dielectric function from the reflected intensity

spectra within some appropriate approximations.

To have a better understanding of SPPs discussed in the 2D gratings, it will be

good to compare the experimental data with the corresponding FDTD simulations.

For SSK18 dissolved in DCM, which shows enhanced transmission in the spectrum,

further discussions and understandings (e.g. crystallization of organic solvents)

will be helpful. For polystyrene particles, beam scattering will play an important

role in THz transmission measurement, thus a perfect normally incident THz beam

will be preferred. In the focused THz-TDS setup, however, there will always be

scattering due to oblique incidence during beam focusing. Hence more accurate

results can be obtained if it will be possible to measure the particles in a parallel

THz beam path.

For the low-temperature THz-TDS setup, it will be useful to assemble a remote

controlled translation and rotation stage inside the cryostat. In this case more

than one sample at different orientations can be measured during one cooling

down process, which will be particularly convenient for measuring birefringent

crystals. However, it will be not so easy in practice because of the small space

in the cryostat. A thicker ZnTe crystal will be helpful for improving the signal

to noise ratio of the detected THz signal. In addition, more information of the

samples can be investigated if a normal reflection THz-TDS setup is employed

together with the commonly used normal transmission THz-TDS setup.



Zusammenfassung und Ausblick
In der vorliegenden Arbeit wurde ein herkömmlicher Vier-Spiegel Transmission

THz-TDS-Aufbau in Verbindung mit einem ASOPS-System hauptsächlich verwen-

det, um nichtlineare Kristalle, TiO2 Nanodrähte, 2D Aluminiumgitter, organische

Flüssigkeiten und Polystyrol-Partikel zu charakterisieren. Dabei wurden optische

Eigenschaften der Materialien im THz-Frequenzbereich quantitativ bestimmt und

ein tieferes Verständnis der zugrunde liegenden Dynamik in den Materialien erzielt.

Darüber hinaus wurde ein Reflexion THz-TDS-Aufbau für die Untersuchung von

TiO2 NWs kurz eingeführt.

Im Kapitel 2 wurden die Grundlagen der THz-TDS eingeführt. THz-Strahlung,

die vom Oberflächenfeld und in mikrostrukturierten großflächigen fotoleitenden

Schaltern erzeugt werden, wurden theoretischen beschrieben und experimentell

in einem THz-TDS-Aufbau, das auf der elektro-optischen Detektion basiert,

angesetzt. Die Funktionsweise der ASOPS-Technik, die bei allen Messungen in der

vorliegenden Arbeit verwendet wird, wurde erläutert. Das Auswertungsverfahren

für die quantitative Bestimmung mittels THz-TDS der komplexen dielektrischen

Funktionen von optisch dicken Proben und dünnen Schichten wurde im Detail

dargestellt. Des Weiteren wurde die Ausbreitung der THz-Strahlen in einem

fokussierten THz-TDS-Aufbau mittels der Gaußschen Strahlausbreitung und der

ABCD-Methode beschrieben. Der Defokussierungseffekt auf die quantitative

Bestimmung des Brechungsindex und des Absorptionskoeffizients wurde durch die

Messung eines dicken GaAs-Wafer mit hohem Widerstand untersucht.

Im Kapitel 3 wurden die theoretische Grundlagen der Wechselwirkung zwischen

Licht mit freien Ladungsträgern und optischen Phononen in Materie dargestellt.

Signifikante Doppelbrechung und ausgeprägte optische Phononen-Resonanzen

grund der Bindungs-Biegeschwingungen in Kristallen wurden deutlich in LISe,

LIS, und AGSe Kristalle beobachtet. Die berechneten komplexen dielektrischen

Funktionen werden gut durch das Drude-Lorentz-Modell beschrieben. Tem-

peraturabhängigkeiten der Plasmafrequenz, Streurate der freien Ladungsträger,

Aktivierungsenergien der Ladungsträger, und Frequenzen sowie Linienbreiten der

optischen Phononen wurden umfassend untersucht. Des Weiteren wurden die

Beiträge des drei- und vier-Phonon-Zerfalls zur temperaturabhängigen Frequenz

und Linienbreite des optische Phonons quantitativ bestimmt. Zum Schluss wurde

die Erzeugung von THz-Strahlung in AGSe infolge der optischen Gleichrichtung

experimentell demonstriert.

Im Kapitel 4 wurden die Transmission und Reflexion THz-TDS von un-

dotierten und Sn-dotierten TiO2 Nanodrähten hergestellt auf Si Wafer mit hohem

Widerstand, vorgestellt. Anschließend wurden die komplexen Leitfähigkeiten der

Nanodrähte unter Verwendung des Datenanalyseverfahrens für Dünnschichten
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und der Theorie des einfachen effektiven Mediums quantitativ bestimmt. Da-

raufhin wurden die berechneten komplexen Leitfähigkeiten auf der Grundlage

der experimentellen Daten mit dem Drude-Smith-Modell befriedigend angepasst,

in dem die Lokalisierung der Ladungsträger berücksichtigt wurde. Die Sn-

dotierten Nanodrähte zeigen eine deutlich höhere Leitfähigkeit als die undotierten,

die nach dem Drude-Smith-Modell viel größeren Ladungsträgerkonzentrationen

entsprechen. Darüber hinaus ist der reflektierte THz-Impuls bei Silber Nanodrähte

deutlich abhängig von der Länge der Nanodrähte, und die Reflexionsspektren

zeigen einigermaßen die Drude-artige Tendenz.

Im Kapitel 5 wurden die Theorie von Oberflächen-Plasmon-Polaritonen und die

Herstellungsprozesse von 2D-Aluminium-Gitter eingeführt. Die Resonanzwellen-

länge in den Transmissionsspektren ist proportional zur Gitterkonstante, was

durch eine vereinfachte Oberflächenplasmon-Theorie erklärt werden kann. Es

wird gezeigt, dass das Verhältnis zwischen der Resonanzwellenlänge und der

Gitterkonstante der 2D-Gitter beinahe gleich dem Brechungsindex des Substrats

ist. Des Weiteren wurden die Abhängigkeiten der Resonanzfrequenz von der

Orientierung und der Form der Gitter in den Transmissionsspektren der 2D

rechteckigen und kreisförmigen Gitter demonstriert.

Im Kapitel 6 wurden die THz Eigenschaften von organischen Flüssigkeitenen

und von Polystyrol-Partikeln untersucht. Sowohl der Brechungsindex als auch der

Absorptionskoeffizient des SSK2, aufgelöst in DCM mit niedriger Konzentration,

sind größer als die Werte des reinen DCM Lösungsmittels. Der Unterschied

zwischen der Probe und dem Lösungsmittel wird kleiner bei höherer Temperatur.

Doch eine andere SSK18 Probe, die besser lösbar in DCM ist, zeigt eine stärkere

Transmission als das reine Lösungsmittel. Dieses Phänomen kann noch nicht

vollständig verstanden werden und bedarf weiterer detaillierter Untersuchung in

der Zukunft. Der temperaturabhängige Brechungsindex und die Absorptionskoef-

fizienten von Pyridin, DMSO und DMF wurden ebenfalls aufgezeigt. Die Absorp-

tion aller drei organischen Lösungsmittel zeigt eine signifikante Zunahme mit der

Erhöhung der Temperatur. Schließlich wurden Informationen über die Größe und

den Packungsanteil der Partikel durch Messung der transmittierten THz Impulse

durch Polystyrol-Masse und -Partikel im THz-TDS-Aufbau herausgefunden. Die

Extinktionseffizienten der Polystyrol-Partikel mit verschiedenen Größen wurden

nach dem Lambert-Beersch-Gesetz berechnet.

Für die im Kapitel 3 untersuchten LISe und AGSe Kristalle werden ausgeprägte

optische Phononen im THz-Frequenzbereich beobachtet. Es wird interessant sein,

weitere Untersuchungen über die Temperaturabhängigkeit freier Ladungsträger

und optischer Phononen in diesen Kristallen durchzuführen, wie wir es bereits

mit LISe gemacht haben. Um ein tieferes Verständnis über die THz-Erzeugung
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aus AGSe durch optische Gleichrichtung zu erhalten, könnte die Orientierungsab-

hängigkeit der THz-Impulse weiterhin untersucht werden.

Für die Berechnung der komplexen Leitfähigkeit der TiO2 Nanodrähte ist die

Hochfrequenz Dielektrizitätskonstante auf 8,95 gesetzt, die der entsprechende Wert

für Volumen TiO2 ist. Wir sind uns noch nicht vollständig sicher, ob dieser Wert

auch für Nanodrähte gültig ist, aber üblicherweise wurden ähnliche Werte in dir

Literatur über THz-TDS an Nanodrähten verwendet. Dieser Wert beeinflusst

direkt den imaginären Teil der Leitfähigkeit und weiterhin alle Anpassungspa-

rameter im Drude-Smith-Modell, weil die Anpassung entsprechend dem reellen

und dem imaginären Teil der berechneten komplexen Leitfähigkeit durchgeführt

wird. Eine weitere Unsicherheit betrifft die Streuzeiten in den Nanodrähten.

In der vorliegenden Arbeit gingen wir von der gleichen Streuzeit für alle TiO2

Nanodrähte aus. Es wird hilfreich sein, zu wissen, wie Dotierung oder thermisches

Ausheilen sich auf die Streuzeit in Nanodrähten auswirkt. Da die Konzentration

und die Mobilität der Ladungsträger in Nanodrähten durch ultraschnelle Laser

beeinflusst werden können, werden künftige Untersuchungen über den Einfluss der

Laseranregung auf die Leitfähigkeit der Nanodrähte interessant sein. Für Silber

Nanodrähte könnte es möglich sein, Informationen über die dielektrische Funktion

aus den reflektierten Intensitätsspektren zu erhalten.

Um die im 2D-Gitter diskutierten Oberflächenplasmon-Polaritonen besser zu

verstehen, wird es gut sein, die experimentellen Daten mit den entsprechenden

FDTD Simulationen zu vergleichen. Für die in DCM aufgelöste SSK18, das

eine erhöhte Transmission im Spektrum zeigt, werden weitere Diskussionen und

Untersuchungen (z.B. Kristallisation der organischen Lösungsmittel) hilfreich

sein. Für Polystyrol-Partikel spielt die Strahlstreuung eine wichtige Rolle bei

der Messung der THz-Transmission, und somit wird ein perfekter senkrecht

einfallender THz-Strahl vorteilhaft sein. Allerdings wird es im fokussierten THz-

TDS-Aufbau immer wieder Streuung aufgrund des schrägen Einfalls während der

Strahlfokussierung geben. Deshalb können präzisere Ergebnisse erzielt werden,

wenn es möglich sein würde, Partikel in einem parallelen THz-Strahlengang zu

messen.

Für den Niedrigtemperatur-THz-TDS-Aufbau wird es sinnvoll sein, fernges-

teuerte Manipulatoren innerhalb des Kryostats zu aufzubauen. In diesem Fall

können mehrere Proben bei unterschiedlichen Orientierungen während einer

Abkühlphase gemessen werden, was besonders günstig für die Messung der

doppelbrechenden Kristalle sein wird. Auf Grund des begrenzten Raums im

Kryostat wird es jedoch nicht so einfach sein, dies in der Praxis umzusetzen. Ein

dickerer ZnTe-Kristall wird hilfreich für die Verbesserung des Signal-zu-Rausch-

Verhältnisses des erfassten THz Signals sein. Darüber hinaus können weitere
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Informationen die Proben erhalten werden, wenn ein senkrechter Reflexions THz-

TDS-Aufbau mit dem häufig verwendeten senkrechten Transmissions THz-TDS-

Aufbau ergänzt wird.



Appendix A

Fresnel Formulae

In this appendix a brief overview of the reflected and transmitted wave at the

boundary of two media is presented. The Fresnel formulae which are widely

employed in this thesis are derived from Maxwell’s equations and the boundary

conditions [200].

When we deal with electromagnetic waves in medium, the following Maxwell’s

equations are commonly utilized

∇× ~E = −∂
~B

∂t
(A.1)

∇× ~H = ~J +
∂ ~D

∂t
(A.2)

∇ · ~D = ρ (A.3)

∇ · ~B = 0 (A.4)

where ~E is the electric field, ~B is the magnetic field, ~D is the electric displacement,
~H is the magnetic field intensity, ~J is the electric current density, and ρ is the

electric charge density.

In isotropic materials, the material equations describing the behaviour of

substances under the influence of the electromagnetic fields are given by

~D = ε ~E (A.5)

~B = µ ~H (A.6)

~J = σ ~E (A.7)

Here ε is the electric permittivity, µ is the magnetic permeability, and σ is the

specific conductivity.

Taking ∇× Eq. A.1 and using Eq. A.2 and Eqs. A.5-A.7, we can obtain

∇× (∇× ~E) = − ∂

∂t
∇× ~B = −µε∂

2 ~E

∂t2
− µσ∂

~E

∂t
(A.8)
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Taking use of the identity ∇ × (∇ × ~E) = ∇(∇ · ~E) − ∇2 ~E and ∇ · ~E = 0, Eq.

A.8 results in

∇2 ~E − µσ∂
~E

∂t
− µε∂

2 ~E

∂t2
= 0 (A.9)

A plane wave ~E(x, t) = ~E0e
i(~k·~r−ωt) with angular frequency ω is solution of Eq.

A.9, thus we have the Helmholtz equation

∇2 ~E + k2 ~E = 0 (A.10)

where k2 = iωµσ + ω2µε. This relation allows us to extract the electrical

conductivity and complex dielectric function of a medium via the wave vector

of transmission or reflection spectroscopy.

Now we consider the reflection and transmission (refraction) of a plane wave at

a boundary between two non-conductive homogeneous media of different optical

properties. Suppose that the boundary is an infinite plane, and the plane wave is

incident from medium 1 to medium 2. The expressions of the incident, reflected,

and transmitted electric fields are, respectively

~Ei = ~E0,ie
i(~ki·~r−ωt) (A.11)

~Er = ~E0,re
i(~kr·~r−ωt) (A.12)

~Et = ~E0,te
i(~kt·~r−ωt) (A.13)

where ~ki, ~kr and ~kt are the corresponding wave vectors of the incident, reflected

and transmitted electric fields, respectively.

The boundary conditions at the interface of two non-conductive media are

~n× ( ~E2 − ~E1) = 0 (A.14)

~n× ( ~H2 − ~H1) = 0 (A.15)

where ~n is the unit normal vector perpendicular to the interface. The total field

in medium 1 is the superposition of the incident and reflected fields, hence the

boundary condition of the electric field is

~n× ( ~E0,ie
i~ki·~r + ~E0,re

i~kr·~r) = ~n× ~E0,te
i~kt·~r (A.16)

If the boundary is in the z = 0 plane, Eq. A.16 should be satisfied at any x

and y in the interface. Hence the three exponential factors are completely equal

to each other in this plane

~kx,i = ~kx,r = ~kx,t, ~ky,i = ~ky,r = ~ky,t (z = 0) (A.17)

When the wave vector of the incident wave is in the xz plane, ~ky,i = ~ky,r = ~ky,t = 0.
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Therefore the incident, reflected and transmitted wave vectors are in the same

plane. Let θ, θr and θt be the incident, reflected and transmitted (refracted)

angles, respectively, the laws of reflection and refraction take the form

θ = θr,
sin θ

sin θt
=

√
µ2ε2√
µ1ε1

=
n2

n1

(A.18)

where n1 and n2 are the refractive indices of medium 1 and medium 2, respectively.

Now we consider the amplitudes of the reflected and the transmitted waves in

non-magnetic media (µ ≈ µ0) by using the boundary conditions. We resolve the

electric field into independent components perpendicular (s wave) and parallel (p

wave) to the plane of incidence.

x
z

ki
kr

kt

Es,i Es,r

θ θ

θt

Hi Hr

Ht

Es,t

x
z

ki
kr

kt

Hi Hr

θ θ

θt

Ep,i Ep,r

Ep,t

Ht

ε1

ε2 ε2

ε1

(a) (b)

Figure A.1: Illustration of reflection and transmission (refraction) of (a) s-
polarization and (b) p-polarization plane waves incident upon the interface of
two media of different optical properties.

(a) ~E ⊥ plane of incidence (s wave) [Fig. A.1(a)]. The boundary conditions are

Es,i + Es,r = Es,t (A.19)

Hi cos θ −Hr cos θ = Ht cos θt (A.20)

Using H =

√
ε

µ
E, Eq. A.20 can be expressed using the electric field as

√
ε1(Es,i − Es,r) cos θ =

√
ε2Es,t cos θt (A.21)

Hence the reflection and transmission coefficients of s wave can be obtained

r⊥ =
Es,r
Es,i

=

√
ε1 cos θ −√ε2 cos θt√
ε1 cos θ +

√
ε2 cos θt

= −sin(θ − θt)
sin(θ + θt)

(A.22)

t⊥ =
Es,t
Es,i

=
2
√
ε1 cos θ

√
ε1 cos θ +

√
ε2 cos θt

=
2 sin θt cos θ

sin(θ + θt)
(A.23)
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(b) ~E ‖ plane of incidence (p wave) [Fig. A.1(b)]. The boundary conditions are

Ep,i cos θ − Ep,r cos θ = Ep,t cos θ (A.24)

Hi +Hr = Ht (A.25)

Analogically Eq. A.25 can be expressed using the electric field as

√
ε1(Ep,i + Ep,r) =

√
ε2Ep,t (A.26)

The reflection and transmission coefficients of p wave are

r‖ =
Ep,r
Ep,i

=

√
ε2 cos θ −√ε1 cos θt√
ε2 cos θ +

√
ε1 cos θt

= −tan(θ − θt)
tan(θ + θt)

(A.27)

t‖ =
Es,t
Es,i

=
2
√
ε1 cos θ

√
ε2 cos θ +

√
ε1 cos θt

=
2 sin θt cos θ

sin(θ + θt) cos(θ − θt)
(A.28)

Eqs. A.22, A.23, A.27, and A.28 are called Fresnel formulae, which describe the

amplitudes of the reflected and transmitted waves at the boundary between two

media. It can be seen that the reflection and transmission coefficients of s wave

are considerably different from those of p wave. When θ + θt = 90◦, the reflection

coefficient of p wave will be zero, which means that only s wave can be reflected

under this condition. The corresponding incident angle is called Brewster’s angle.

If the second medium is optically denser than the first (ε2 > ε1), then θt < θ.

For the transmission coefficient, t⊥ and t‖ are positive, which indicates that the

phase of the transmitted wave is equal to that of the incident wave. For s wave, the

phase of the reflected wave differs from that of the incident wave by π, because r⊥
is negative. For p wave, however, the phases of the reflected wave and the incident

wave are equal as θ + θt > 90◦ and differ by π as θ + θt < 90◦.

For normal incidence, θ = θt = 0. Using the relation
√
ε = n, the Fresnel

formulae are reduced to

r⊥ =
n1 − n2

n1 + n2

(A.29)

t⊥ =
2n1

n1 + n2

(A.30)

r‖ =
n2 − n1

n1 + n2

(A.31)

t‖ =
2n1

n1 + n2

(A.32)
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[63] P. Kužel, H. Němec, F. Kadlec, and C. Kadlec, “Gouy shift correction

for highly accurate refractive index retrieval in time-domain terahertz

spectroscopy,” Opt. Express, vol. 18, no. 15, pp. 15338–15348, 2010.

[64] F. D8Angelo, M. Bonn, and D. Turchinovich, “Ultra-broadband dielectric

THz spectroscopy with air-biased coherent-detection,” Proceeding of the 38th

International Conference on IRMMW-THz, 6665505, 2013.

[65] P. U. Jepsen, R. H. Jacobsen, and S. R. Keiding, “Generation and detection

of terahertz pulses from biased semiconductor antennas,” J. Opt. Soc. Am.

B, vol. 13, no. 11, pp. 2424–2436, 1996.

[66] T. Hattori, R. Rungsawang, K. Ohta, and K. Tukamoto, “Gaussian beam

analysis of temporal waveform of focused terahertz pulses,” J. Appl. Phys.,

vol. 41, no. 8, pp. 5198–5204, 2002.

[67] S. E. Ralph and D. Grischkowsky, “THz spectroscopy and source

characterization by optoelectronic interferometry,” Appl. Phys. Lett., vol. 60,

no. 9, pp. 1070–1073, 1992.

[68] M. Balkanski and R. F. Wallis, Semiconductor Physics and Applications.

Oxford University Express, New York, 2000.

[69] P. Y. Yu and M. Cardona, Fundamentals of Semiconductors: Physics and

Materials Properties. Springer, 2001.

[70] M. Fox, Optical Properties of Solids. Oxford University Press, New York,

2003.



Bibliography 138

[71] R. C. Jones, “New calculus for the treatment of optical systems,” J. Opt.

Soc. Am., vol. 31, p. 488, 1941.
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