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Abstract

The work presents the creation of a time-domain THz instrumentation that enables

broadband measurements of complex material functions of both bulk samples and

thin films in the frequency range from 100 GHz to 2.5 THz at temperatures 20-300

K. Among other original solutions, a novel convertible scheme has been realized. It

allows experiments in classical transmission configuration, as well as THz reflection

measurements with quick and easy change of incidence angle of THz radiation from

25 to 80 degrees. Various ways to overcome the problem of phase uncertainty are

also proposed and tested. The convertible scheme can serve as a basis for new THz

arrangements, e.g., for a time-domain THz ellipsometer.

The setup has been applied to the study of complex THz transmittance of high-Tc

superconductor thin films. The measured data on YBa2Cu3O6.95 films were analyzed

in the framework of the two-fluid Drude-London model. The results on

Tl2Ba2CaCu2O8, however, were impossible to fit with classical Drude expressions

with one frequency-independent scattering rate. The material also exhibited

unexpectedly high surface resistance at the frequencies around 1 THz and higher.

Moreover, the real part of dielectric function turns positive at higher THz frequencies

at T < Tc. Above the transition temperature, it stays positive in the whole frequency

range of our spectrometer. The phenomenon was also observed with conventional IR

spectroscopic means and is probably caused by unusually high phonon contribution

to the dielectric permittivity of the material.

Kurzfassung

In dieser Arbeit wird der Aufbau eines Terahertzspektrometers vorgestellt, das

zeitaufgelöste, breitbandige Messungen komplexer Materialfunktionen im

Frequenzbereich von 100 GHz bis 2.5 THz und bei Temperaturen von 20 bis 300 K

ermöglicht. Neben weiteren originären Lösungen wurde ein flexibler Aufbau
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realisiert, der sowohl Experimente in klassischer Transmissions-Anordnung als auch

THz-Reflektions-Messungen erlaubt. Dabei kann der Einfallswinkel der THz-

Strahlung schnell und einfach zwischen 25° und 80° variiert werden.

Verschiedene Verfahren zur Kompensation der Phasenungenauigkeit werden

vorgeschlagen und experimentell überprüft. Dieser Aufbau, den wir

„Konvertierbares Terahertzspektrometer“ genannt haben, kann als Basis für weitere

neue Terahertztechniken wie z.B. Terahertzellipsometrie dienen.

Das Spektrometer wurde zur Messung der komplexen Transmission von dünnen

Filmen aus Hochtemperatursupraleitern benutzt. Die Daten für YBa2Cu3O6.95 wurden

im Rahmen der Drude-London Zweiflüssigkeitenmodelle analysiert. Die

Leitfähigkeit von Tl2Ba2CaCu2O8 konnte allerdings nicht mit der klassischen Drude

Formel mit frequenzunabhängiger Streurate gefittet werden. Das Material zeigt auch

unerwartet hohe Werte des Oberflächenwiderstands bei Frequenzen um 1 THz und

höher. Darüber hinaus wird der reale Teil der dielektrischen Funktion für T < Tc

positiv bei hohen Terahertzfrequenzen. Oberhalb der Übergangstemperatur bleibt es

positiv im ganzen Frequenzbereich unseres Spektrometers. Das Phänomen wurde

auch mit Hilfe der konventionellen Infrarotspektroskopie beobachtet und wird

wahrscheinlich von einem ungewöhnlich hohen Phononenbeitrag verusacht.
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I. INTRODUCTION

After their advent in the mid-1960s1, there has been a spectacularly rapid progress in

ultrafast lasers2 over the last four decades (Fig. I.1). Together with the successes in

semiconductor technology and non-linear optics it has lead in 1970s to the birth of a

new area of applied physics known as optoelectronics or photonics.
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Fig. I.1. Progress in ultrafast lasers: laser pulse width versus year.

One of the most fascinating photonic spectroscopic applications, the time-domain

terahertz spectroscopy (TDTS), is now barely 15 years old. It has appeared in mid

80s in the pioneering works of D.H. Auston and coworkers3,4 and has become a

technique applicable to materials research in early 90s5,6. Now TDTS is a rapidly

developing measurement technique constantly finding new applications in various

areas of materials science such as precise gas sensing7,8 and measurements of

material constants of solids ranging from ferroelectrics9 to semiconductors10 and

superconductors11,12. In some areas like investigation of very hot samples, e.g. flame,

TDTS is the only applicable far-infrared spectroscopic technique13. Far infrared

imaging based on TDTS is currently an extremely promising way of non-destructive

method for testing samples from packaged goods to artworks and biological tissues14.
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Terahertz (1 THz = 1012 Hz) frequencies i.e. frequencies from tens of GHz to few

THz, lay between the operation ranges of classical microwave and infrared

spectroscopy (Fig. I.2) and thus cannot be effectively covered by any of these

techniques. TDTS fills this gap enabling the study of materials properties in the part

of the electromagnetic spectrum that is of a particular interest for the materials

science.

As the TDTS is a new measurement technique, today’s market of scientific

instruments cannot offer a reasonably priced time-domain THz spectrometer. On the

contrary, such systems throughout the world are normally hand-made and are a

subject of constant development and improvement.

The main goals of this doctoral work was the creation of a reliable time-domain THz

spectrometer applicable for the use in various areas of materials research and the

study of high-Tc superconductor (HTS) thin films by the means of TDTS.

Properties of HTS at THz frequencies are of great interest, both from the point of

view of the fundamental and applied research. In HTS, the quasi-particle scattering

rates fall into the THz frequency range at temperatures below the Tc. The interest to

HTS at THz frequencies is also stimulated by needs of the perspective THz

electronics applications15. In this sense HTS are interesting rather in the form of thin

films than bulk pieces.

A number of promising HTS materials still have their superconductivity

characteristics scarcely explored in the THz range e.g. the Tl-Ba-Ca-Cu-O (TBCCO)

system. Furthermore, there is a lack of data on their phonon spectra in the range. At

THz frequencies, thallium cuprates exhibit some unusual properties which are

especially clear observable at temperatures near and above Tc. Being good

conductors they nevertheless reveal very strong dielectric contribution to the

complex conductivity.

Study of the patterned high-Tc superconductor thin films is a new and extremely

exciting area of research. Patterned structures characterized by the dimensions which

are comparable to or shorter than the phase coherence length of the superconducting
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or normal conducting carriers exhibit properties which are different from those of

solid films. These are so-called mesoscopic effects16,17. The observation of

mesoscopic phenomena in superconductors requires in principle samples with pattern

dimensions as small as nanometer. However, due to the rapid decrease of the

quasiparticle scattering rate in cuprate superconductors below the Tc the mean free

path of unpaired carriers reaches 100-1000 nm in the ab-plane. Therefore, one can

expect the mesoscopic effects to appear already in micrometer-patterned films.
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On the other hand, patterned high-Tc thin films (mostly YBCO) are already used in

passive18 and active microwave electronic devices. Now, the requirements of fast

developing THz electronics15 stimulate the study of the properties of patterned HTS

thin films in the THz region of electromagnetic spectrum.

The accomplishment of the first main task i.e. the development of a reliable time-

domain THz instrumentation required a solution of the experimental and theoretical

problems which were secondary for this work but are in fact very exciting topics of

their own:

• THz beams have distinct spatial distribution of frequencies and therefore the

propagation of THz radiation cannot be described in the framework of the plane-

wave formalism. Various optical elements like apertures, lenses and mirrors

strongly affect temporal shapes and spectra of detected THz pulses and the

proper understanding of this influence is of crucial importance for the correct

interpretation of the results measured. Our model of spatio-temporal

transformations19 of THz pulses is based on the Gaussian beam formalism and

allows us to take into account the contributions of the focusing elements used in

the spectrometer.

• To elaborate a stable working procedure for the extraction of the complex

refractive index spectra of HTS thin films from measured transmission data was

one more task to fulfill. So far, various a priori approximations e.g. thin film

approximation have been used. However, high values of the refractive index of

HTS materials drive us out of the applicability range of the approximations. The

purely numerical approach used by us allows to drop the approximations and

enables the study of thicker and/or more conductive films.

• Inspired by the needs of THz and far-infrared spectroscopy, which widely use

wire grids as polarizers and beam splitters we have investigated the complex

transmittance of free-standing tungsten wire grids. The analysis of the results was

for us also a first step to the understanding of the transmissive behavior of

patterned HTS thin film structures.
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Structuring of the text

This dissertation consists of two major parts. The first part (Chapters II – VI)

presents the work on the creation of time-domain THz spectrometers and the

development of THz spectroscopic methods. The second part (Chapter VII) is

devoted to the applications of the means of TDTS to the study of superconductor thin

films and patterned metallic and superconducting structures.

In Chapter II, the basic principles of the time-domain THz spectroscopy are

highlighted.

Chapter III describes the elaboration of an effective emitter of pulsed THz radiation

including testing of various semiconductor materials for unbiased (Section III.2) and

biased (Section III.3) emitters.

Detection of THz radiation with photoconducting antennas and electro-optic

sampling is the topic of Chapter IV. The electro-optic sampling system built in our

laboratory is described in detail in the diploma thesis of H. Selig20 and therefore I

give here only a brief overview of it.

Chapter V is devoted to the elaboration of time-domain terahertz spectroscopic

instrumentation. A description of basic elements of a THz spectrometer is given in

Section V.1. First, a transmission spectrometer with classical general layout has been

built (Section V.2). After that, I have proposed and realized a completely new

flexible scheme enabling a swift conversion of a THz spectrometer from

transmission to reflection configuration and changing of the incidence angle of THz

radiation (Section V.3). The outcome of this work has been published in Ref. 21.

Chapter VI presents the study of spatio-temporal transformations that have been

performed in Prague at the Institute of Physics, Academy of Sciences of the Czech
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Republic* ���������	��
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����������������������������� �!�	"#��$%��&'�����(�)�+*,��& �,���(���.-���/�&0�0�%� �������(���213���)�
19.

Chapter VII presents materials science applications of TDTS. It begins with the

description of the time-domain data treatment procedure including the ways to avoid

the misinterpretation of measured data (Section VII.1). In Section VII.2 the TDTS is

applied to the study of complex conductivity of thin HTS films. Some of its results

have been reported in Ref. 22. The study of the transmissive behavior of free-

standing tungsten wire grids and striped YBCO thin films at THz frequencies is

presented in Sections VII.3. and VII.4, respectively.

Finally, after the general conclusions of this work (Chapter VIII), possible directions

of the future work and some perspective projects including the first time-domain

THz ellipsometer are outlined in Chapter IX.

                                               

* Fyzikální 465!7 8:9�;�<=8?>�@)A'BC@�9 >EDF@?5!<=G republiky, Na Slovance 2, 182 21 Praha 8, Czech Republic
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List of abbreviations

CTRTS convertible transmission-reflection THz spectrometer

EMA effective medium approximation

EOS electro-optic sampling

Eq(s). equation(s)

HTS high-transition-temperature superconductor

(F)IR (far-)infrared

MW microwave-

PDA photoconducting dipole antenna

RTDTS reflection time-domain terahertz spectroscopy

SNR signal-to-noise ratio

TDTE time-domain terahertz ellipsometer

TDTS time-domain terahertz spectroscopy

TTDTS transmission time-domain terahertz spectroscopy
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II. PRINCIPLES OF THE TIME-DOMAIN THZ
SPECTROSCOPY

The basic idea of the transmission time-domain THz spectroscopy (TTDTS) can be

described in the following way: a sub-picosecond pulse of electromagnetic radiation

passes through a sample and gets its time profile changed compared to the one of the

reference pulse. The last can be either a freely propagating pulse or a pulse

transmitted through a medium with known properties. Through an analysis of

changes in the complex Fourier spectrum which are introduced by the sample, the

spectrum of the refractive index of the sample’s material is obtained.

If we denote the Fourier transforms of the measured time profiles of the pulse

transmitted through a sample and the reference pulse as E* � �  and Eref
* � � ,

respectively, then we have the complex transmittance of the sample in the form:

��
������������ �

���
ω

ωωωω � � 	

�
��

=
(II.1)

The Eq. (II.1) is then solved in order to obtain the frequency dependence of the

complex refractive index n* � � . The procedure will be described in detail in the

Section VII.2.1.

Fig. II.1 gives an example of the determination of the complex refractive index by

means of TDTS. In the panel (a) the measured THz waveforms are shown. The pulse

transmitted through a 0.3 mm thick silicon wafer (dashed) is smaller in amplitude

and shifted in time with respect to the freely propagating pulse (solid line). The

equidistant satellites which follow the main transmitted pulse originate from the

multiple reflections of THz radiation within the silicon wafer. These reflections are

also responsible for the Fabry-Perot oscillations in the amplitude spectrum (panel

(b)). The ratio of the complex spectra of the pulses gives according to Eq. (II.1) the

complex transmittance of the sample which is shown in the panel (c). Then the

solution of Eq. (II.1) yields the complex refractive index n* � ��
���� ��������� �  (panel

(d)).
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For samples, characterized by very low transmittance at THz frequencies, the use of

the transmission time-domain terahertz spectroscopy (TTDTS) becomes problematic.

In such cases, the reflection time-domain THz spectroscopy (RTDTS) can be

employed. The complex reflectance of a sample is expressed by the equation:

)(

))(,(
))(,(

*

**
**

ω
ωωωω

refE

nE
nR = ,

(II.2)

where E* � �  and Eref
* � �  are this time the Fourier transforms of the pulses reflected

from a sample and a reference surface, respectively. The complex refractive index

n* � �  is then extracted through solution of Eq. (II.2). The specific problems of

RTDTS will be discussed later in Section V.3.
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Fig. II.1 From time profiles to complex refractive index. (a) THz waveforms: a freely propagating pulse
(solid line) and a pulse transmitted through a 0.3 mm thick silicon wafer (dashed line). Arrows mark
multiple reflections of the THz pulse within the wafer, (b) corresponding complex Fourier spectra, (c)
complex transmittance of the sample, (d) calculated real and imaginary parts of the complex refractive
index n*=n+ik. Strong oscillations in amplitude spectra and the transmittance are caused by the multiple
reflections in the sample.
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TDTS operates with pulses of electromagnetic radiation which are too short to be

resolved by conventional electronic display instruments like oscilloscopes. Instead,

so-called gated-detection technique is employed (see the scheme in Fig. II.2). The

THz spectrometer is powered by a laser which emits a train of pulses each of several

tens of femtoseconds (1 fs = 10-15 s) in duration. The initial laser beam is split by a

beam splitter in two parts called pump and probe beams. A pump pulse hits an

emitter which in response releases a short (few picoseconds) pulse of

electromagnetic radiation. The spectrum of the radiation is centered at several

hundreds of GHz (1 GHz = 109 Hz) so that one- or even half-cycle pulses are

released. This THz radiation then comes to a detector which is gated by a probe

pulse. The output signal of the detector is proportional to the magnitude and the sign

of the field of the THz pulse in every certain moment of time. Thus, by the variation

of the delay between pump and probe optical pulses one can trace the whole time

profile of the THz pulse.

In the following (Chapters III-VI), various ways of generation and detection of

pulsed THz radiation, the study of the specifics of the THz beam optics, and different

THz spectrometer arrangements are presented.
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Pump
THz beam
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Detector: optical or
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Data
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Fig. II.2 The gated-detection scheme. λ is wavelength and tp is pulse duration (of either
laser or THz pulse).
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III. GENERATION OF SUB-PICOSECOND THZ PULSES

III.1. Introduction

Starting from the mid - 80s, a variety of materials was reported to emit

subpicosecond THz pulses. Two rather distinct mechanisms have been used most

widely for the generation of such pulses: optical rectification in crystals with large

second order nonlinearity, like LiTaO3
23

 or DAST24 and transient photoconductivity.

A somewhat less popular generation method is, for example, difference frequency

generation in non-linear media25. Some other non-linear phenomena like a

Cherenkov-like propagation of a short electrical pulse can also result in emission of

THz radiation26. Various quantum oscillations like Bloch oscillations27, heavy-hole-

light-hole beats28 or oscillations in double-quantum-well structures29 can also result

in emission of THz radiation. Although some quantum oscillations can provide

tunable THz radiation,30 the production of quantum well structures is complicated

and therefore they are barely used in THz spectrometers. THz radiation from

superconducting thin films31 is interesting rather from the point of view of basic

research than spectroscopic applications. The reported THz radiation from unbiased

helium gas32 and photoionized electrically biased air33 can give rise to a new

generation of THz emitters.

For our spectrometers, we chose semiconductor emitters whose operation principle is

transient conductivity. The transient photoconductivity methods for the generation of

pulsed THz radiation are based on high-intensity ultrashort laser pulses exciting the

surface of either unbiased34,35,36 or biased semiconductor37,38. In both cases THz

radiation arises from the fast change of the photocurrent in the semiconductor. The

change is caused by the acceleration and the following recombination of

photocarriers generated by a pump optical pulse. The acceleration is driven by the

electric field which is either a built-in surface depletion field for unbiased emitters or

is externally applied in the case of biased ones.
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The photon energy of the laser must be sufficient for the excitation of photocarriers

over a bandgap. For example, the typical central wavelength of a Ti:sapphire laser is

around 780 nm which corresponds to the photon energy of 1.56 eV that is enough to

generate photocarriers through a direct interband transition in GaAs (Eg300K(GaAs) =

1.43 eV [Ref. 39]).

The electric field strength of an emitted pulse in far field in the Hertzian dipole

model  has the form40:

dxdy
dt

pd

R
E ∫∝

2

2

sin
1 ϕ ,

(III.1.1)

where  is the angle between the dipole moment p and the propagation direction and

R is the distance from the dipole and the observation point. The integration is taken

over the whole emitting area. Knowing that p = lq, where q is the dipole’s separated

charge (i.e. the charge of a photocarrier) and l is a mean free pass of photocarriers we

can write:

dt

dj
l

dt

qd
l

dt

pd ==
2

2

2

2

,
(III.1.2)

where j is a photocurrent. Finally, III.1.1 and III.1.2 give:

dxdy
dt

dj

R

l
E ∫∝ ϕsin ,

(III.1.3)

Although semiconductor emitters are usually operated at room temperature, their

effectiveness increases under cryogenic cooling due to the grow of carriers

mobility41. There have also been some successful attempts to boost their performance

by application of a strong magnetic field42.

As the intensity of the radiated field is proportional to the time derivative of

photocurrent, it is obviously preferable to use materials which react fast on the

excitation with ultrashort laser pulse. The rise time of the photocurrent is very short
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(tens of femtoseconds) and is limited only by the uncertainty principle, the excitation

laser pulse duration, and the probability that the electron-hole pair escapes its mutual

coulomb attraction, which is in most high-mobility semiconductors close to 100%.

On the other hand, the decay of the photocurrent is significantly slower (from

hundreds of ps to milliseconds for pure crystals) being influenced by a number of

effects, mainly by electron-hole recombination and carrier trapping on defects. The

introduction of defects which play the role of recombination centers and traps can be

carried out by doping a semiconductor with heavy impurities e.g. metals, radiation

damage or the use of materials characterized by a high density of naturally occurring

defects. An excellent example of the last class of THz emitter materials is so-called

low-temperature grown GaAs or LT-GaAs. However, the main drawback of

materials with extremely high density of defects like for instance amorphous

semiconductors43 is the suppression of carrier mobility (down to few cm2/Vs) due to

intensive elastic scattering on the defects.

III.2. Semiconductor surface emitters

In an unbiased surface emitter, the photocarriers generated by a laser pump pulse are

accelerated in the surface depletion field of a semiconductor.  The depletion field is

caused by the “pinning” of Fermi level at the semiconductor-air interface which

results in bending of both the valence band and the conduction band and thus the

formation of a depletion layer (Fig.III.2.1). The photoinjected electrons and holes are

swept across it so that the photocurrent first rises fast and then vanishes as the

photocarriers recombine.

THz radiation is emitted from a semiconductor surface in both reflection and

transmission directions (Fig. III.2.2). The photogenerated electrons and holes can be

described in the framework of the Hertzian dipole model44. Assuming also the plane

wave approximation, we obtain the electric fields of radiated waves in the form:
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d

d

Fig. III.2.1. Semiconductor band diagram near the surface. The “pinning” of the Fermi
level near the semiconductor-air interface leads to the formation of a depletion layer with
the depth Ld. Ed is the strength of the built-in depletion electric field and F is the Fermi
level. Graded gray filling symbolizes the lowered concentration of carriers near the surface.

ER

ET

optical pump beam

Fig. III.2.2. Semiconductor surface THz emitter. ET and ER are electric field of the THz
radiation emitted in the transmission and reflection directions, respectively. Dashed lines
indicate the paths of the multiple reflections of the THz radiation within the emitter wafer.
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where ER and ET are electric field strength of the THz wave radiated in reflection and

transmission directions, Z and n are the impedance and the refractive index of the

emitter material,  is the incidence angle of the pump beam, JS is the photocurrent

through the depletion layer, and ��� �  is the transmissivity of the semiconductor/air

interface. The photocurrent JS is given by the expression:
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∞
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dopS
α

ν
µ

,
(III.2.2)

where  is the photocarrier mobility, e is the elementary charge, �  is the energy of

incident photons, Wop is the optical intensity, ��� �  is the reflectivity of the surface at

the laser frequency, Ed(x) is the surface depletion field, and  is the optical

absorption length.

III.2.1. Testing the emitter materials

In order to find a semiconductor material that would manifest the strongest THz

emission from its surface, several surface emitters have been tested: In our

spectrometers we employed unbiased semiconductor surface emitters: semi-

insulating undoped GaAs (SI GaAs) with three different surface orientations and

chromium-doped GaAs, iron-doped semi-insulating InP (SI InP), and low-

temperature grown GaAs (LT-GaAs). Parameters of the emitter materials studied by

us are summarized in Table III.1.1. The time-domain THz spectrometer created for

the testing of the emitter materials is depicted in Fig. III.2.1.1.

At it is seen in Table III.2.1.1 and Fig. III.2.1.2, surface orientation of the emitter

wafer has significant influence neither on the intensity of emitted THz radiation nor
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on the shape and spectrum of pulses. Iron-doped InP with the <100>-oriented surface

has manifested itself as the best of the tested emitter materials. Although it is

characterized by somewhat lower mobility of carriers, the reduction of their lifetime

due to the scattering on Fe impurity atoms results in the stronger THz emission. LT-

GaAs is beaten by both SI-GaAs and InP:Fe, in the first case due to lower mobility

and probably the weaker surface depletion field Ed(x) in both cases. However, when

a strong external bias field is applied, the latter drawback is overridden and LT-GaAs

turns one of the best material for biased THz emitters (this will be explained in detail

in Sections III.3).

Table III.2.1.1. Semiconductors as emitters of THz radiation
wafer
material

surface
orientation

band
gap Eg

(eV)

����������� 	�
 ��
�� 2/Vs) decay time c(ps) peak
frequency of
THz
emission
(surface)

SI GaAs <100> 0.45
SI GaAs <110> 0.47
SI GaAs <111>

8500 [Ref.45] ~103 [Ref. 45]

0.507
LT-GaAs --- 2250-3000 [Ref. 46] 0.2-3 [Ref. 46] 0.62
GaAs:Cr <100>

1.43

~2000 [Ref. 47] 300 [Ref. 47] ---

InP:Fe <100> 1.29 2200 [Ref. 47] 150-1000 [Ref.
47]

0.38

receiver
antenna

 to current amplifier,
 lock-in amplifier, and PC

THz emitter

motorized 
delay stage

beam splitter

parabolic mirror

THz radiation

Ti:Sapphire laser
Spestra-Physics’

Tsunami
50 fs, 82 MHz,

800 nm, 650 mW

Pump laser
Spestra-Physics’

Millenia

5 W cw

Fig. III.2.1.1. The initial configuration of the time-domain THz spectrometer intended for
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the study of surface emitters of THz radiation.
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Fig.III.2.1.2. (a) Time profiles (main pulses, multiple reflections within the emitter cut
away) and (b) amplitude spectra of THz pulses generated by semiconductor surface emitters
at the pump beam incidence angle of 45°.
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Fig. III.2.1.3. THz pulses emitted from the GaAs wafer surface at the pump beam incidence
angles of 45° and ~74° (Brewster angle).

A further improvement of the performance of surface emitters can be achieved by the

choose of an appropriate incidence angle for the optical pimp beam. In the original

configuration of the spectrometer (Fig. III.2.1.1) the angle was set on 45° for the sake

of geometrical simplicity. But the analysis of the Eq. III.2.1 shows that the maximum

of THz radiation efficiency is reached at the Brewster angle incidence35,48 which is
���������
	���
���������� �����
���
�����
	���
���������� �� 
�
� ��!"�
��#$��%'&��(�
	)�
 *� +
����� �,���
�

�
�-�(�
	,��
�� ./����� �0 
�
� �1!"�
�'23�54 49. In Fig. III.2.1.3 the pulses emitted at two

different pump incidence angles are presented. It is seen that the pulse emitted from

the emitter illuminated at Brewster angle is of the highest intensity.

The emitted radiation spectrum almost does not change with temperature but the

peak value of the radiated pulses falls monotonically with increasing emitter

temperature35. To prevent the decrease of the emitters efficiency due to their

overheating by the pump optical beam, they were attached to a brass block so that the

temperature was constantly held around 30°C.
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III.3. Large-aperture dc-biased semiconductor emitters

Surface emitters described in the previous section are easy to use since they require

neither any additional devices like e.g. bias voltage supply nor precise adjustment of

the pump optical beam. Their main disadvantage, however, is relatively low intensity

of emitted THz radiation which makes necessary the use of highly sensitive

detectors. Moreover, one can use only oblique incidence angles since, according to

(III.2.1), there is no emission at normal incidence. Thus, satellite pulses originated

from internal reflections within the emitter wafer (see Fig. III.2.2) are spatially

separated. As a consequence, they travel through the spectrometer the other optical

paths than the main pulse which makes the mathematical procedure of multiple

reflection subtraction inapplicable. It means that measured time profiles must be cut

before the first reflection. As it will be seen in Section VII.1.4, this lowers the

frequency resolution of the spectrometer.

Biased emitters are free from this drawback because they are basically set to the

normal incidence of the optical pump beam (see Fig.III.3.1). Moreover, the emitted

radiation should be stronger than in the case of unbiased surface emitters thank to the

possibility to externally apply a bias much higher than the depletion-layer field.

optical pump

-UDC

THz
radiation

Fig. III.3.1. Schematics of
a biased semiconductor
emitter. The arrow shows
the direction of the lateral
scan (see Section III.3.3
for explanation).
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III.3.1. Ideal biased emitter

For the description of the operation of large-aperture photocoducting switches we

rely on the current surge model of the dynamics of photoinjected carriers (Ref. 41).

The model assumes that the transient surface conductivity grows rapidly when the

emitter is excited by a sub-ps optical pulse:

∫
∞−

−−
−−=

t tt

opts
cetIttdt

h

Re
t τµ

ν
σ

’

)’()’(’
)1(

)( ,
(III.3.1.1)

where R is the optical reflectivity of the illuminated area, ��� �  is the carrier mobility,

Iopt(t) is the optical pump pulse intensity, �  is the photon energy, and c is the

lifetime of the excited carriers. Or, for the peak surface conductivity:

� ���	 
�
�
� ������

µ
ν

σ −= ,
(III.3.1.1a)

where 1 is the value of the time-dependent mobility at the moment of maximum s

and Fopt is the incident optical fluence.

In reality, the response of the photoconductor is slower than the rise time of the

intensity of the excitation laser pulse because it takes up to several picoseconds for

the transient mobility mobility ��� �  to reach its quasiequlibrium value50.

Solving the Maxwell equations and taking into account the finite size of the emitter,

one obtains for the radiated field:

���
���
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���� � �� �"!

++
−= #$%
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&

&
σ

ησ
,

(III.3.1.2)

where Ebias is the applied bias electrical field, Z0 = 1/ 0c ')(+*+,.- * /�02143+56/8769.5;:+<;=+>;5
of free space, and n is the refractive index of the semiconductor. By the formula

(III.3.1.2), two important points should be noted:
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• the radiated THz field ETHz should raise linearly with the increase of the applied

bias voltage at least in the area of the Ohm’s law validity. At very high bias

fields, the field dependence of the surface conductivity s have to be taken into

account,

• ETHz  increases and then saturates as the incident optical fluence grows.

III.3.2. Technical realization

A large-aperture high-voltage biased semiconductor emitter consists of a

semiconductor wafer and two applied electrodes separated by a few-mm gap. We

have constructed an original emitter holder (Fig. III.3.2.1) that provides good

electrical and thermal contact between electrodes and the semiconductor wafer’s

surface which is also ensured by the use of conductive silver paint (Fig. III.3.2.1c).

That is important for the stable operation of the emitter since its overheating results

in drop of its resistance and consequently makes higher voltage impossible to be

applied. Moreover, the decrease of the carriers mobility at higher temperatures also

lowers the THz output of an emitter51.

The electrodes are endowed with copper radiators to ensure the thermally stable

operation of the emitter. The temperature of the emitter wafer is checked with a

thermocouple sensor and held at 40°C. When necessary, the emitter can be cooled

with a Peltier cooler integrated in a thermal radiator.

The high-voltage bias is provided by a Stanford Research Systems PS300 dc power

supply.

The stripes of the silver paint are about 1 mm broader than the contact area between

the electrodes and the emitter to smoothen the voltage drop between them and so to

prevent the erosion of the emitter wafer due to the arc discharge through the air (Fig.

III.3.2.1d)
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Fig. III.3.2.1. (a)-(b): the emitter of pulsed THz radiation in the holder; (c) the LT-GaAs emitter
wafer with two conductive silver paint stripes. (d) erosion of the emitter due to the arc discharge
and its prevention with the help of silver paint.

Legend: Em – emitter wafer, El – high-voltage electrode, R – thermal radiator, F – fixing spring, S
– spring release screw, HV – high-voltage connectors, ES - electrode adjustment screw, Ag –
conductive silver paint.

a. b.

c.

d.
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III.3.3. Testing the emitter materials

We have tested the performance as biased emitters of the materials previously

studied as surface emitters (see Table III.2.1.1.). Much higher performance of

externally dc-biased emitters compared to the surface emitters is evident from Fig.

III.3.3.1. For example, the peak value of the electric field of the THz pulse emitted

by a low-temperature grown GaAs (LT-GaAs) biased at 1000 V is 160 times higher

than that radiated from the unbiased surface of the same wafer and is 40 times higher

than in the case of an unbiased surface <100> InP emitter. On the other hand, biased

emitters are set for normal incidence which allows an effective use of the procedure

of multiple reflections subtraction (see Section VII.1.4).

LT-GaAs is one of the best materials for THz emitters and detectors. It is

characterized by very high concentration of defects which act as traps for

photocarriers so that their lifetime is reduced to few hundreds femtoseconds. This

leads to a fast change of the photocurrent (rapid fall after the initial growth) which in

accordance with Eq. (III.1.3) results in a stronger emission of the THz radiation and

naturally in extension of its spectrum to higher frequencies compared to materials

with longer living carriers like semi-insulating GaAs (SI-GaAs) and InP.
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Fig. III.3.3.1. THz pulses generated by dc-biased and unbiased semiconductor emitters. Inset:
normalized amplitude spectra of the pulses.
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The carrier lifetime in SI-GaAs and LT-GaAs was checked by means of time-

resolved optical reflectivity52. The free charge carriers generated by an optical pump

pulse cause the growth of the sample’s reflectivity tested by an optical probe pulse.

As the photogenerated electrons  and holes first “cool down”, then thermalize, and

finally recombine, the reflectivity falls back to its equilibrium value. The relaxation

of charge carriers in LT-GaAs is finished within few picosecond while in InP the

transient carriers persist for hundreds of picosecond, and for the undoped crystalline

GaAs it takes nanoseconds or even more for the photocarriers to recombine (Fig.

III.3.3.2). As a result, some fraction of the electrons and holes created with the pump

pulse is still present in the sample when the next pulse arrives 12.2 ns later, i.e. there

is a constant background photocurrent through the emitter wafer. The consequences

of it are overheat of the emitter and quite low bias voltage that can be applied to it

which all excludes pure GaAs from good candidates for THz emitter materials.

The dependences of the peak value of the electric field of the emitted THz pulses on

the incident optical fluence and applied bias is depicted in Fig. III.3.3.3. In reality, a

common Ti:Sapphire laser provides relatively low optical fluences (up to few tenths
��� ��� >;7 2 at the beam diameter of around 1 mm) so that in order to observe the

saturation (inset in Fig. III.3.3.3a) one needs an amplified laser with much higher

pulse energy*.

The observed dependence of Epeak on the applied bias field deviates strongly from the

straight line predicted by Eq III.3.1.2. The Epeak(Ubias) curve follows the non-ohmic

dependence of the photocurrent on the bias field. After the initial  exponential growth

comes the saturation at higher fields (> 3.5 kV/cm). The cause of the saturation is the

screening of the applied bias field by the radiated THz field53 and probably the

variation of the transient mobility as a function of bias field41. This saturation can be

even followed by a decrease at very high (>100 kV/cm) bias fields54.

                                               

* The measurements with an amplified laser have been kindly performed by Klaas Wynne of the

University of Strathclyde, UK
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Fig. III.3.3.2. Time evolution of the transient reflectivity of low-temperature-grown- and
semi-insulating GaAs measured with the optical pump-probe technique (measurements by
Tobias Korn).

The exponential rise of Epeak at lower fields is due to a Schottky barrier that normally

appears between the electrode (or silver paint) and semiconductor. This effect has

been first observed with respect to subpicosecond electrical pulse generation on

transmission lines55 then the THz radiation from semiconductor surfaces56 and from

narrow-gap biased semiconductor emitters57.

The density of the current through a Schottky barrier is given as


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
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(III.3.3.1)

with js expressed in the framework of the diode model of a metal-semiconductor

transition58:


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−= cTS U

kT

e
venj exp

4

1
0 ,

(III.3.3.2)

where Uc is the contact voltage drop (i.e. eUc the height of the barrier), n0, vT, and T

are the concentration of photocarriers, their mean velocity, and temperature,
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respectively. It should be mentioned that such description of the Schottky barrier in

the case of a photoexcited semiconductor is quite rough since the use of the Eq.

III.3.3.1 implies that the carriers have Maxwell-like distribution which can be hardly

applied to THz emitters where only very hot carriers in few picosecond after

generation take part in the radiation process59.
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Fig.III.3.3.3. The peak value of the electric field of a THz pulse Epeak as a function of the
incident optical fluence (a, b) and the applied dc bias field (c, d) for 3-mm aperture InP:Fe
and LT-GaAs emitters. The inset in the panel (a) shows the values of Epeak at high optical
fluences
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Fig. III.3.3.4. LT-GaAs biased emitter: dependence of the peak value of the electric field of
THz pulses on the lateral position of the laser spot for positive (filled circles) and negative
(open circles) bias polarity. The emitter with negative bias applied is schematically shown
in the background of the graph. The dotted circle symbolizes the laser spot.

The emitter can be modeled with two back-to-back Schottky barrier diodes. The

presence of such structure manifests itself in a strong dependence of the photocurrent

(and, consequently, the strength of the radiated field) on a lateral position of the laser

spot on the emitter (see Fig III.3.1; the direction of the lateral scan is shown by the

arrow). When the spot is closer to the negative electrode (i.e. to the forward biased

barrier), the photocurrent is high and the photogenerated carriers take an active part

in the radiation process. However, when the spot is shifted to the positive electrode,

the photocurrent is severely suppressed by the reverse biased metal-semiconductor

transition (see Fig III.3.3.4).

III.4. Conclusions

Two types of THz emitters have been tested. Unbiased surface semiconductor

emitters are very convenient in fabrication and operation. Of all materials studied,

<100> InP:Fe has proven to have the strongest THz emission.
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Biased emitters require special holder and some additional equipment (high voltage

supplies and sometimes coolers) but provide two orders of magnitude stronger

radiation than could be obtained from unbiased surface of the same material.

Furthermore, biased emitters are set for normal to the direction of the THz radiation

propagation which allow the subtraction of internal echoes and thus attaining higher

frequency resolution of a spectrometer.

The next chapter is concentrated on two kinds of THz detectors which we employed

in our spectrometers: photoconducting antennas and electro-optic sampling and their

applicability in different types of THz spectrometers.
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IV. DETECTION OF THZ PULSES

The spectral range covered by a time-domain spectrometer is determined by the

source of THz radiation, the THz optics, and the receiver. A biased LT-GaAs emitter

like the one employed in our spectrometers, releases the THz radiation with the

frequencies up to 4 THz, limited by time-varying mobility and the onset of

intervalley scattering and carrier trapping60. The properly chosen F-numbers of the

focusing  mirrors (Section V.1.3.) guarantee an efficient collection of the emitted

radiation without significant spectral losses. Therefore, the operational bandwidth of

the spectrometers is limited mainly by the spectral response of the detector of THz

radiation. The following two types of sensors were employed in our spectrometers:

photoconducting dipole antennas (PDA) and a electro-optic sampling system (EOS).

IV.1. Photoconducting dipole antennas

Basically, a PDA consists of two metallic leads separated by narrow

photoconducting gap. In the pump-probe scheme (see Chapter II), the antenna is

gated by a probe optical laser pulse that generates a bunch of photocarriers in the

photoconductor. The electric field of a THz pulse is polarized across the antenna and

serves as bias. The photocurrent through the gap between the antenna’s leads is then

proportional to the applied THz field. The current through the antenna is amplified

with a current preamplifier and measured with a lock-in amplifier.

In reality, the measured waveform is a convolution of the laser pulse envelope, the

response function of the antenna, and the THz pulse itself. Thus, similarly to THz

emitters, it is necessary to use photoconductive materials characterized by short

carrier lifetimes.

The antennas which we used (Fig. IV.1.1) were designed in Hamburg and fabricated

in the Institut für Halbleitertechnik of the Technische Hochschule in Darmstadt.

In order to focus the THz radiation tighter on the photoconducting gap, a

hemispherical silicon lens is attached to the antenna. The focal point of the lens must
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be set on the photoconducting gap of the antenna with the maximum precision

possible since the misalignment of even few microns can lead to the drop of the

detector signal of an order of magnitude61. In our laboratory, Dr. I. Wilke has

developed an antenna layout with special aluminum adjustment marks deposited on

the back side of the antenna substrate (Fig. IV.1.1a,d). When glued to the antenna, a

lens is carefully centered on the gap according to the marks.

The lens also prevents the appearance of artifacts in the measured waveforms due to

multiple reflection of THz radiation within the antenna substrate. Although it would

be better in terms of the refractive index matching, we do not use a sapphire lens,

since sapphire in the THz range has significantly higher absorption than silicon.

The detection bandwidth of a dipole antenna is determined by its size. A longer

dipole is more efficient at the lower frequencies but has narrower bandwidth62. On

the other hand, there is fundamental limitation to the reduction in the antenna size.

Even focused to the diffraction limit, which is hundreds of microns, THz radiation

cannot be effectively collected by a small area of the detector antenna and the signal-

to-noise ratio (SNR) will suffer.
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Fig IV.1.1. Photoconducting dipole antenna detector: a -  the whole layout (top view), b -
photoconducting gap (magnified), c – alignment marks (magnified), d - side view (cross section).

Semiconductor antennas are compact (the whole detection system is just one chip)

and are convenient in adjustment and operation. Compared to the EOS described in

the next section, they are characterized by a several times higher sensitivity63. With

antenna detectors, we attained a SNR of 2500:1.
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Fig IV.1.2. Drift of the background of THz pulses from a high-bias emitter detected with a
photoconducting dipole antenna (dotted line). The background is flat when the THz beam
instead of optical pump beam is chopped (solid line). Arrow marks the broad minimum
originating from the long relaxation of the photocarriers in the phoconducting gap of the
antenna.

The main disadvantage of simple dipole antennas as THz sensors are their relatively

narrow bandwidth and some artifacts produced at lower frequencies. One is a broad

minimum (Fig. IV.1.2) before the main peak that is a sign of long living photocarrier

fraction in the photoconducting gap of the antenna (provided that THz radiation is

properly focused and the minimum is not a result of the Gouy shift, see Section

VI.1.3). Another problem revealing when an antenna is used together with a high-

voltage emitter, is a drifting background of the measured pulses. The reason is the

antenna being sensitive enough to detect the spatial change of the static (but

chopped!) electric bias field of the emitter due to the delay stage movement. To

overcome this, the chopper should be placed just after the emitter to chop the THz

beam not the optical pump beam.

IV.2. Electro-optic sampling

Developed originally for the characterization of ultrashort electrical transients64, the

electro-optic sampling (EOS) has developed into a powerful method of the detection
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of THz pulses65,66. The EOS system built up in our laboratory is described in detail in

the diploma thesis of Hanns Selig20 so that only a brief overview of it will be given

here.

The EOS is based on the electric field of a THz pulse inducing a small birefringence

in an electro-optic crystal through a non-linearity of the first order (Pockels effect).

Passing through such crystal, the initially linearly polarized optical probe beam gains

small elliptical polarization. In the first approximation, this ellipticity is proportional

to the electric field applied to the crystal i.e. to the THz field in every certain moment

of time. Since the THz pulse is much longer than the laser pulse (several ps vs tens of

fs), the THz field can be approximately treated as a dc bias field. Thus, by the

variation of the delay between THz- and optical probe pulses the whole time profile

of the first can be traced.

As EOS active medium, a variety of dielectric materials like LiTaO3 [Ref. 67, 68]

and ZnTe [Ref. 67] or polymers polarized by externally applied field68,69 is

employed. If a medium is not absorbing very strongly, its optical properties can be

described with the help of the refractive-index ellipsoid69
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where xi, xj are the Cartesian coordinates and ni,j are components of the refractive-

index tensor. An applied electric field causes changes in optical properties of the

crystal (so-called electro-optic effects). This can be seen as distortions of the the

refractive-index ellipsoid:
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where Ek are components of the applied electric field and rijk is the electro-optic

tensor describing the non-linearity if the first order (i.e. the Pockels effect).
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Nonlinearities of higher orders are usually very small at the field strength typical for

THz pulses (E < 3 kV/cm, Ref. 70) and can be ignored.

In our setup we used a 10x10x1 mm3 (110)-cut crystal of ZnTe. With no electric

field applied, the material is isotropic so that the refractive-index ellipsoid is simply a

sphere i.e. ni,j = n for every i and j. In this case the choice of the coordinate system is

arbitrary and it is convenient to set the axes x1=x, x2=y, and x3=z along the main

crystallographic directions of ZnTe.

The orientation of the crystal with respect to the propagation direction and

polarization of the THz- and the optical probe beam corresponding to the strongest

Pockels effect is shown in Fig IV.2.1.a. The coordinate system x’, y’, and z’ is linked

to the propagating beams: the beams travel along the x’ = <-1-10> direction, the

optical probe and the THz beams are polarized along z’ = z = <001> axis and <-110>

direction, respectively. Under the influence of the applied THz field, the sphere

(IV.2.1) turns to an ellipsoid (IV.2.2) with the main axes oriented along x”, y”, and

z” directions (Fig. IV.2.1b):

nx” = n

ny” = n - ½ r231 n
3 Ey’ (IV.2.3)

nz” = n + ½ r231 n
3 Ey’

with r231 = 4.0·10-12 m/V for ZnTe.
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Fig IV.2.1. (a) Relative orientation of the THz electric field E and the polarization of the laser
probe- and the THz beams with respect to the ZnTe crystal. The shown geometry corresponds to the
maximum electro-optic (Pocklels) effect. (b) The refractive-index ellipsoid. The x, y, z coordinates
are set along the main ZnTe crystallographic directions; the primed axes are defined as the THz-
and the optical probe beams propagation (x’), the THz- (y’) and the probe beam (z’ = z) polarization
directions. The double-primed axes correspond to the orientation of the main axes of the refractive-
index ellipsoid under the Ey’ field applied. (c) and (d) depict the projection of the ellipsoid on the
surface of the crystal (i.e. as it is “seen” by the incident laser probe beam): without the THz field (c)
and with THz field present (d). The figure is taken from Ref. 20.
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Having passed through the EO crystal, the y”- and z”-components of the electric

field of the incident optical wave acquire the phase shift

( ) ( )[ ] ������� �������
� 	
		
	 −=−= ωϕϕδϕ ,

(IV.2.4)

or taking Eq. (IV.2.3) into account:

��
����
� ������

� �
ωδϕ =

(IV.2.5)

In the absence of the THz field (ETHz = Ey’ = 0), the phase shift is zero and the

polarization of the probe beam stays linear. When, however, the THz pulse is present

the phase shift (IV.2.5) leads to a slightly elliptical polarization.

In practice, a differential scheme of the EOS is usually employed (Fig. IV.2.2). A

quarter-wavelength plate is placed behind the electro-optic crystal to make the

initially linear polarization of the probe beam (at ETHz = 0) circular. A Wollaston

prism separates its y”- and z”-components components and sends them to

photodiode detectors which are connected to the differential input of a lock-in

amplifier. With no THz pulse present, the components have equal intensity and the

differential signal is zero. When the THz field is applied, a non-zero phase difference

(IV.2.4) of the two components appears. Note, that according to Eq. IV.2.5, it is

proportional not only to the magnitude of the applied field but also to its sign which

makes the whole detection method phase-sensitive.
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Fig IV.2.2. The schematics of electro-optic sampling. PBS – pellicle beam splitter, �
λ

-

quarter-wavelength plate, WP – Wollaston prism, D – slow photodiodes. Symbolic
expressions for the polarization of the optical probe beam: L – initial linear; L + εE –
slightly elliptical, close to linear; C - εE - slightly elliptical, close to circular; ε is the
fraction of the elliptical polarization.

We use the EOS geometry with the THz – and probe beams propagating collinearly

through the sensor crystal. For this purpose we employ a 2” beam splitter made of

very thin (0.2 mm) polymer transparent for THz radiation and reflecting around 5%

of optical radiation (so-called pellicle beam splitter, or PBS). The major advantage of

a PBS is that thank to its thinness, it does not lower the temporal resolution of the

system through multiple internal reflections. It is, however, extremely fragile and

quite sensitive to even small vibrations of the air in the laboratory.

The highest SNR reached in our spectrometers with EOS is at least 1000:1.

Compared to the photoconducting antenna detectors (Section IV.1), the EOS is

somewhat less sensitive but, on the other hand, being not limited by the lifetime of

photocarriers, covers a broader spectral range (up to 3.5 THz for freely propagating

pulse). It is also free from artifacts typical for PDA like a broad minimum before the

main peak and the drifting background (Fig. IV.1.2). Moreover, it is mechanically

much more stable than PDA and does not require very precise optical adjustment.
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V. DEVELOPMENT OF THE TIME-DOMAIN THZ
SPECTROMETERS

In this Chapter the time-domain spectrometers, which have been built up in our

laboratory, are presented. Our first spectrometer (Fig. III.2.1.1) was intended for

testing various THz emitters and detectors. It could be applied to the measurements

of complex transmittance only of very large (3 cm x 3 cm or larger) samples since it

did not have an intermediate focal point to place a small sample to. Thus, a larger

time-domain THz transmission spectrometer suitable for the study of smaller

samples have been developed.

Section V.3 is devoted to the first convertible transmission-reflection THz

spectrometer that I have designed, build up and tested. The spectrometer has proven

to be very flexible and easy to operate and will serve as a base for the future time-

domain THz ellipsometer (Section VIII.1).

V.1. Overview of THz spectrometer

This section is devoted to the major parts and components common for all our set-

ups which have not been described in preceding chapters: a femtosecond laser,

focusing and collimating THz optics, electronic and mechanic devices like lock-in

amplifier, chopper, and motorized delay line, and a data acquisition system. Also, a

closed-cycle cryostat that is an integrated part of our spectrometers is described here.

V.1.1. Laser

Our THz spectrometers are powered by a Spectra-Physics TsunamiTM Titan-Sapphire

laser pumped by  a Spectra-Physics MilleniaTM-V Nd-YAG cw laser. The main

performance parameters of the laser system are summarized in Table V.1.1.1.
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Table V.1.1.1 The performance parameters of Spectra-Physics TsunamiTM laser

Ti:Sa (Tsunami) 600-750 mWaverage output power

pump (Millenia) 5 W (cw 532 nm)

mode locking passive through Kerr-lens mode locking71,72

+ active by acousto-optic modulator73

minimum pulse width < 50 fs

minimum spectral width < 15 nm

tuning range 735-840 nm

repetition rate 82 MHz

polarization > 500:1 vertical

beam divergence < 0.6 rad

V.1.2. Electronics and data acquisition

The photocurrent caused by a THz field in a gated detector (either an antenna or

photodiodes in EOS) lay in picoampere range which means that it is in principle

weaker that the thermal noise in the detector and the antenna effect in connectors and

cables. This obstacle is overcome by the use of a phase sensitive detection technique

named lock-in detection. Its basic principle is the modulation of the THz beam at

some fixed frequency and then select from the whole output only the signal at this

reference frequency. Applied to the TDTS, either pump optical beam or directly the

THz beam is modulated by a mechanical chopper (Stanford Research Inc., model

SR540). The data acquisition scheme is depicted in Fig. V.1.2.1. When a

photoconductive antenna is used as a detector (see Section IV.1), the signal is first

enhanced by a low-noise current preamplifier (Stanford Research Inc., model SR570)

and then is detected at the reference frequency by a lock-in amplifier (EG&G

Princeton Applied Research, model 5210). When THz pulses are detected with

electro-optic sampling (EOS, see section IV.2), the photodiodes are directly

connected to the differential input of the lock-in amplifier (LIA).

The delay stage endowed with a dc-motor actuator (Newport 850F) and driven by a

motion controller (Newport Motion Master MM3000) can be moved either

continuously or stepwise with adjustable waiting time between steps. The mechanical
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precision of the movement is 0.1 ��� �������	��
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However, the actual time resolution of a THz system is defined by a convolution of a

laser pulse envelope and a response function of the THz detector and is about few

tens of fs.
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Fig. V.1.2.1 Data acquisition scheme. The detector is either a dipole antenna or photodiodes (for
EOS). The current preamplifier was used only with the antenna, in the case of EOS the photodiodes
were connected directly to the differential input of the lock-in amplifier.
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amplitude spectrum of detected THz pulses (freely propagating pulses shown). See the text
for explanations.
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There are three basic time periods in a TD-THz spectrometer: twait delay stage

waiting time, tLIA - the time constant (integration time) of the LIA, and fchop - the

chopping frequency. The choice of the constants is a trade-off between the time of

measurements, the signal-to-noise ratio (SNR), and the sensitivity of the

spectrometer at higher frequencies. The longer is tLIA, the narrower the noise

bandwidth of the amplifier is and so the better the SNR will be. But this

improvement is gained at the expense of increased response time and, consequently,

the duration of measurements since LIAtSNR ∝ . In principle, twait should be several

times larger than tLIA. Otherwise, the LIA does not manage to integrate the whole

signal during the delay waiting time which results in smoothing of narrow details in

measured THz waveforms i.e. losing of the higher frequencies in spectrum (see Fig.

V.1.2.2).

For THz spectroscopic measurements, we typically set tLIA = 1 s. But in this case, for

example, a 40 ps scan with 50 fs step takes up to a half an hour. If one is sure not to

have any high-frequency peculiarities in spectra, the measurements can be speeded

up by setting lower twait.

V.1.3. THz optics

THz optics serves for collection of the THz radiation from the source, its guidance

through air (and, eventually, a sample) and its focusing onto a detector. The optical

path of the THz radiation in an arrangement intended for spectroscopic applications

on smaller samples should contain at least 3 focal points: for a THz emitter, a

sample, and a detector. Basically, polyethylene lenses or metallic mirrors are used for

that purpose. The most convenient mirrors shapes are off-axis paraboloidal and

elliptical.
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Paraboloids

In the spectrometers, which we have built in Hamburg, off-axis parabolic mirrors

were employed (Fig V.1.3.1). The focal diameter for every certain wavelength is
� ���

, where  is wavelength and F is the nominal focal ratio74 (or F-number).  In

our case, F is the ratio of the mirror’s focal length f and its aperture d : F = f/d. Thus,

in order to collect efficiently the THz radiation coming from the emitter as a strongly

divergent beam, the first paraboloid must have quite small F. The mirror used by us

have F = 1 so that only by the radiation with frequencies below 127 GHz it comes to

some minor losses. The second parabolic mirror serves to focus the THz radiation

onto the detector antenna (in our first spectrometer, see Fig. III.2.1.1) or onto a

sample (in all configurations followed). Its parameters were chosen to ensure an

efficient focusing of THz radiation and to fit the geometrical dimensions of the

spectrometer. We employed mirrors with the diameter d = 50.8 mm and the focal

lengths f = 101.6 mm (i.e. F = 2) and 152.4 mm (F = 3) so that for our longest

wavelengths, which laid around 100 GHz, the focal spot has a diameter 7.6 mm and

11 mm, respectively. This determines the minimum sample size and the size of the

apertures in the sample holder in the cryostat.

F3

F1

F2

I

IIIII

IV

Fig V.1.3.1. The four off-axis parabolic mirror sequence. I - IV -  the mirrors, F1 – F3 – focal
points: a THz emitter and  a detector occupy F1 and F3, respectively, and a sample is set to F2.
White lines mark the edges of THz beam.
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Alignment of THz optics is usually very tricky. A very smart solution have been

described by E. Parks75. She used sunlight as a source for parallel light to adjust the

mirrors II and III (see Fig V.1.3.1). Unfortunately, the sunshine is quite rare event in

Hamburg so we normally aligned the mirrors with the help of optical laser beam. The

beam was aligned with a plump along the lines drawn on the surface of the optical

table. For the fine adjustment, a piece of Scotch tape have been set to the F1 point. It

scatters laser light strongly and thus can serve as a point source of light. Then the

position of the light spot in F2 is marked with an iris. After that the piece of Scotch

tape is installed in F3 and the mirrors III and IV are adjusted to send the laser beam

exactly through the iris.

Elliptical mirrors

A pair of elliptical mirrors is used in the THz spectrometer built in Prague. Unlike a

paraboloid, an elliptical mirror has two focal points so that it is possible to arrange a

THz spectrometer with only two mirrors. However, compared to paraboloids, such

mirrors are harder to produce (and, consequently, are more expensive) and their

adjustment is more complicated.

THz Emitter

THz detector

Fig V.1.3.2. Focusing of the THz radiation

with a pair of elliptical mirrors.
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V.1.4. Cryostat

To enable low-temperature measurements, we have built up a cryogenic system

based on a Edwards Coolstar 2/9 closed-cycle cryostat (Fig. V.1.4.1). Unlike helium

bath- or continuous-flow cryostats, the closed-cycle systems are compact and do not

require liquid helium supply. The vacuum chamber  is first evacuated by a turbo

pump down to 10-5 - 10-6 mbar. Then the cooling system is switched on and high-

pressure helium gas provided by a Cryodrive compressor is cyclically expanded in

the cylinder with a piston in the Coolstar 2/9 unit76.

We have worked out a design of a sample holder and a vacuum chamber, which meet

the specific requirements of THz spectroscopy. The sample holder is attached to the

heat station (or “cold finger”) of the Coolstar unit. Up to three samples can be

measured in one cycle. One of the sample holder’s four 8-mm square holes is

reserved for a reference sample (e.g. substrate) or should be left free when a freely

propagating pulse is taken as a reference. The Coolstar runs constantly at the same

cooling power and the temperature of the samples is changed and stabilized by a

heater integrated in the basement of the sample holder. There are two temperature

sensors from Lake Shore Cryotronics, Inc. installed on the holder: one is a RF-100

Rhodium-Iron resistance chip serving to the temperature stabilization and another is

a Cernox resistor (model CX-1070-AA) for the precise measurements of the

temperature of the samples. The heater is controlled by a Lake Shore DRS-91C

temperature controller.

The vacuum chamber has two Mylar optical windows 3.5 cm in diameter. To avoid

the distortion of the measured transmittance at lower frequencies due to the

aperturing of the THz beam (see section V.3) the windows should be large enough

and as close to the sample holder as possible. However, such large windows have a

disadvantage of heat radiation coming from outside through the windows and

significantly heating up the samples. Nevertheless, the lowest temperature of 22 K

attainable with our vacuum chamber (instead of 9 K with a vacuum enclosure

without windows) is sufficient for the study of high-Tc superconductors.
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The cryostat holder endowed with a three-dimensional positioner so that by moving

the cryostat as a whole one can set a sample exactly in the THz focal point. After the

THz pulse transmitted through one sample (resp. reference substrate or empty hole)

is measured, the whole cryostat is laterally (either vertically or horizontally) shifted

to set another sample in the focal point.
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Fig. V.1.4.1 The cryostat: 1 – cryostat holder with 3D-positioner; 2 – interconnecting helium
gas lines; 3 - the Coldhead motor power supply cable; 4 – motor- and piston housing; 5 –
vacuum port (the evacuation line not connected); 6 – vacuum chamber; 7 – optical window; 8
– connection to the temperature controller.
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Fig. V.1.4.2. Sample holder: 1- heat station of the Edwards Coolstar 2/9; 2 – heater; 3 -
sample holding spring; 4 – a sample installed (TBCCO film on LAO substrate); 5 – LAO
substrate; 6 – Cernox resistive temperature sensor; 7 – RF-100 chip temperature sensor.
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V.2. Transmission time-domain THz spectrometer

Our transmission time-domain THz spectrometer (Fig. V.2.1) is arranged according

to traditional scheme widely described in literature77,78. The THz radiation is

generated with a dc biased LT-GaAs emitter and detected with an electro-optic

system described in detail in Sections III.3 and IV.2, respectively.

The emitted THz radiation is collected, lead through a sample, and focused onto the

electro-optic crystal by the set of four parabolic mirrors (see Section V.1.3).

The time profile and the complex spectrum of a THz pulse freely propagating in the

spectrometer are depicted in Fig. V.2.2.

sample

Edwards closed-cycle cryostat

1800 V

THz emitter
  (LT-GaAs)

chopper

motorized 
delay stage

beam splitterprobe beam

pum
p beam

parabolic mirror THz radiation

Ti:Sapphire laser
Spestra-Physics’

Tsunami
50 fs, 82 MHz,

800 nm, 650 mW

nitrogen-
pumped 
volume

Pump laser
Spestra-Physics’

Millenia

5 W cw

polarizer

quarter-
wavelength
plate

Wollaston
prism

EO crystal
(ZnTe)

mylar
beam
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Fig. V.2.1. The transmission time-domain THz spectrometer.
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The whole THz part of the spectrometer incl. the emitter, the paraboloids, and the

detector is installed in a plastic box purged with nitrogen. It is done in order to

eliminate the influence of water vapor that is always present in the air and strongly

absorbs the THz radiation (it will be discussed in more detail in Section VI.3). The

evaporated nitrogen from a Dewar vessel is warmed as it travels through a pipe

immersed in hot water before it enters the box. This system is preferred to a

pressured gas bottle since, for example 50 l of liquid nitrogen is sufficient for up to 6

days of measurements while a standard 50 l/ 200 bar bottle runs empty in a day.

As have been shown in Section V.1.3, for the lowest reachable frequencies the

diameter of the focal spot is around 1 cm i.e. slightly larger than the size of holes in

the sample holder. This leads to some minor losses at those frequencies (Fig. V.2.3).
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Fig. V.2.2. A typical freely propagating THz pulse measured with the transmission THz
spectrometer and the corresponding complex spectrum.
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Fig. V.2.3. Low-frequency cut-off by the sample holder. The size of holes is slightly smaller
than the diameter of the THz beam at the lowest frequencies which leads to the spectrum of a
THz pulse passed through a holder’s hole (solid line) containing less frequencies below 200
GHz than that of the pulse measured without the holder (dashed line).

V.3. Convertible transmission-reflection time-domain THz

spectrometer

The time-domain THz transmission spectroscopy (TDTTS) is a well-developed and

reliable means but it is obviously applicable only to transparent samples. Therefore,

highly conductive materials can be studied with TDTTS only in the form of thin

films, and for measurements on bulk samples the TDTS in reflection geometry

(TDTRS) becomes the only choice. Various perspective THz imaging applications79

especially THz tomography80 are also based on the measurement of the complex

reflectivity. To date, there have been only few works published reporting realization

of the RTDTS9, 81. Such systems appear to be difficult to adjust since a change of the

incidence angle requires a complete realignment of the whole spectrometer. Thus, the

creation of a time-domain THz spectrometer that allows easy change of the incidence

angle along with measurements in transmission configuration significantly extends

the area of the TDTS applications.
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V.3.1. Transmission configuration

In the transmission configuration (Fig. V.3.1.1), the convertible time-domain THz

spectrometer is identical with the arrangement described in the previous section. The

only difference is the detector which was a silicon-on-sapphire dipole antenna

endowed with a 6-mm hemispherical silicon lens (see Section IV.1 for details).

The diameter of parabolic mirrors is 50.8 mm and the effective reflected focal

lengths are 50.8 mm, 152.4 mm, 152.4 mm, and 50.8 mm for the parabolic mirrors

PM I, PM II, PM III, and PM IV, respectively. The THz beam is polarized

horizontally, i.e., in the plane of the figure. For polarization sensitive measurements,

an additional tungsten-wire grid polarizer (wire diameter 10 ���������	��
���
�
 ���������	���
between PM I and PM II (not shown). Such an arrangement permits measurements of

the complex transmittance in the frequency range from 60 GHz to 1.5 THz with a

signal-to-noise ration of at least 1000:1.

DS

PM I
THz radiation

1800 V

TE

chopper

to current amplifier, lock-
in amplifier, and PC

BS

PM II

PM IV

PM III

P 2

P 1P 5

P 4

P 3

SM1 TCR SM2RA

sample

Ti:Sapphire laser

Fig. V.3.1.1 The convertible time-domain THz spectrometer in transmission configuration:
(BS) - beam splitter, (TE) - THz emitter, (RA) - receiver antenna, (P1) - (P5) - pivotal points,
(PM I) - (PM IV) - parabolic mirrors, (SM1) and (SM2) - support optical mirrors, (TCR) -
threaded control rod, and (DS) - delay stage.



60

V.3.2. Reflection configuration

In order to make the spectrometer transmission-reflection convertible and to enable a

smooth change of the incidence angle, all optical elements are installed on an

aluminum adjustable frame with five pivotal points (Fig. V.3.2.1). The positions of

points 1 and 5 are fixed and points 2, 3, and 4 are movable. In order to ensure that the

surface of the mirrors in the pivotal points stays always in line with the rotation axis,

a standard 0.5” mirror mount from Newport Corp. has been modified: an aluminum

plate has been introduced between the mirror holder and the support post (Fig.

V.3.2.2).

The sample holder is placed at the point 3 so that the sample always stays in the

common focus of the paraboloids II and III. The threaded control rod allows smooth

movement of the point so that the THz radiation incidence angle is continuously

changed from 25° to 80°. The angle variation range is limited from below by the

focal lengths of the parabolic mirrors II and III and by the dimensions of their

holders. By use of paraboloids with longer focal lengths smaller angles of incidence

can be achieved. At small incidence angles, when the optical beams strike the mirrors

positioned in P2 and P4 under large angles, it is necessary to employ additional

support mirrors SM1 and SM2 to guide the beams.

The use of the adjustable frame guarantees that the optical paths of the pump and

probe beams remain unchanged. In order to change the angle of incidence, it is

sufficient to laterally readjust only the mirrors at the pivotal points. Moreover, once

fixed in the transmission configuration, the four-paraboloid sequence requires no

further tedious adjustments.

As a sample holder, we use a modified New Focus flipper mirror mount (Fig.

V.3.2.3). The modification consists of two (instead of one) adjustable mirror holder

frames being mounted on the flipper perpendicular to each other. A sample is

attached to one frame and another one holds a reference silver mirror so that the

change between the sample and the mirror is done by flipping the mount.
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The total time required for the change of the incidence angle, adjustment of pump

and probe beams and the measurement itself does not exceed 15 min.

The precise control of   sample position is a challenging experimental task in time-

domain reflection spectroscopy82. Similarly to the case of measurement of the

complex transmissivity, to obtain the frequency dependence of the complex

reflectivity, it is necessary to perform two measurements: of the pulse reflected from

a sample and the one reflected from a reference surface. Naturally, the sample and

the reference mirror have to be consequently placed in the same point with the

maximum precision possible otherwise the phase information would be significantly

distorted. Before the start of the reflectivity measurements, the sample and the

reference mirror positions are adjusted in a sample holder adjuster (Fig. V.3.2.1). The

optical laser beam is picked up before the spectrometer and sent to the sample (or the

reference mirror). Steering the reflected beam to make it pass through a narrow

aperture we ensure that the sample’s surface is set in the same position as the

reference mirror with 100 µm precision. Then the holder is installed back to the

pivotal point P3. However, in reality the mechanical adjustment is often not

sufficient for phase-sensitive measurements. The ways to further improve the phase

sensitivity will be discussed in Section V.3.4.
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Fig. V.3.2.1. The reflection configuration: (FM) - flipper mirror, (SHA) - sample holder
adjuster, (SH) - sample holder, and (A) - aperture.

reference
mirror

sample

Fig. V.3.2.3. The sample holder (side view).
Fig. V.3.2.2. Modified holder for optical
mirrors in the pivotal points.
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V.3.3. Sample measurements and discussion

Measurements of relative complex reflectivity

The effectiveness of the described technique has been tested by measuring the

complex transmissivity and reflectivity of a 0.3-mm-thick high-resistivity silicon

wafer ( 0 = 10 � �����������	� ��
���
�� 
�� 
���� ����� � ����� ���	
�� ����� 
�������� ��� ���	� �!� 
�� �����"�$# �	� ��
��
free-space propagation, transmission through the wafer, and surface reflection are

shown.

From transmission data the complex refractive index %'&)( *,+�%,( * -/.10�( *  is

calculated by numerically solving the Fresnel transmission equation:













−





+
−−+

−
=

]2exp[
1

1
1)1(

]exp[4
)(

*

2

*

*
2*

**

*

dn
c

i
n

n
n

dn
c

in
T

ω

ω

ω ,
(V.3.3.1)

0 4 8 12 16
time (ps)

16

12

8

4

0

-4

-8

el
ec

tr
ic

 fi
el

d 
(a

.u
.) a

b

Fig. V.3.3.1. Time-domain data. (a) Reference, freely propagating pulse (solid line) and
pulse transmitted through a silicon wafer (dashed line).  (b) Reference, pulse reflected by a
silver mirror (solid line) and pulse reflected from silicon wafer surface at 45° incidence
(dashed line).
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where d is the thickness of the sample. The complex refractive index spectrum

obtained this way is shown in Fig. V.3.3.2. It is seen that the agreement with

previously reported data83 is excellent.
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Fig. V.3.3.2. Frequency dependence of the complex refractive index of high-resistivity
silicon calculated from the measured complex transmissivity (solid line) and the data from
Ref. 47.
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Fig. V.3.3.2. Amplitude reflectivities of high-resistivity silicon for s- and p-polarizations at
0.4 THz. Solid lines are the ideal Fresnel reflectivities.
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Then these values of n* have been used for the calculation of the complex reflectivity

through the Fresnel formulas84:
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where  is incidence angle of the THz radiation, s and p polarizations imply that the

THz beam is polarized perpendicular and parallel to the incidence plane.

In order to perform measurements of the reflectivity of s-polarized THz radiation,

both the emitter and the detector antenna are turned for 90°.

Fig. V.3.3.3 shows measured amplitude reflectivities compared to the predictions of

Eqs. V.3.3.2 and V.3.3.3. The measurements agree very well with the calculations.

Some slight deviations of the measured data from the ideal Fresnel reflectivities are

attributed to THz radiation being not perfectly p- or s-polarized so that some small

fraction of unwanted polarization is always present. This effect manifests itself in a

small minimum in RS ( *  and non-zero values of RP ( *  in the vicinity of the Brewster

angle ( B = 73.7°).

As has been mentioned in the section V.3.2, the measured phase of the complex

reflectivity often needs an additional correction. Uncertainty in the position of a

sample with respect to a reference mirror results in the reflected pulse acquiring an

additional phase shift 0. This leads to errors in the determined refractive index which

are particularly large in the case of weakly absorbing materials like silicon (see Fig.

V.3.3.4.). The approaches to overcoming the problem are described in the following

section.
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Fig. V.3.3.4. Refractive index of high-resistivity silicon calculated from the complex reflectivity
for s-polarization (45° incidence): as measured (dashed line) and after the correction through (4)
(solid line). The corresponding uncertainty in time domain is 48 fs.

V.3.4. How to deal with phase uncertainty

Numerical correction of phase

Having measured the complex reflectivity for either s- or p-polarization, we can get

rid of 0 with the help of a simple mathematical procedure. We introduce into Eqs.

V.3.3.2 and V.3.3.3 a value of n0* calculated through Eq. V.3.3.1 at some certain

frequency 1 from measured transmissivity to obtain the corresponding complex

reflectivity R0
* ( 1). Comparing it to the measured value of R* ( 1), we calculate 0

through the expression:
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ω
ωϕ
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R
e i =

(V.3.4.1)

and then subtract it from the phase of R* � �  at all frequencies. This method is simple

and direct but its drawback is that the usage of Fresnel formulas (Eqs. V.3.3.2 or
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V.3.3.3) is valid only when the reference surface can be treated as an ideal reflector

compared to the sample.

Extraction of the refractive index from amplitude reflectivities

When the reflectivity is measured for both s and p polarization, the system of

equations V.3.3.2 and V.3.3.3 is then solved in terms of amplitude reflectivities

|RS
* � ��� and |RP

* � ���  to extract ��� � ��� � � ���
	�� � � . Now it is not necessary to

calculate 0 but the supposition of the ideal reflectance of the reference surface

should still be made.

Reference-free measurements

In principle, the polarization sensitivity of the THz emitter and the detector antenna

allows the reference-free extraction of the complex refractive index of a sample’s

material. At some certain incidence angle , instead of measurement of RS
* � � and

RP
* � �  which actually implies the scan of four time profiles (pulses reflected from

the sample and the reference surface for either polarization), one obtains a complex

function PS
* � � as a ratio of Fourier transforms of time profiles of the pulses

reflected from the sample at s and p polarizations:
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The numerical solution of Eq. V.3.4.3 using Eqs. V.3.3.2 and V.3.3.3 yields the

spectrum of the complex refractive index ��� � � . This approach is free from the

problems of non-ideal reference surface and the 0 but requires precise mechanics,
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which guarantees that the rotation of the emitter and the detector does not change the

optical path of THz radiation for more than a few microns.

In fact, PS
* � �  is nothing else than the ellipsometric function. Here we come directly

to the idea of a time-domain THz spectroscopic ellipsometer, a promising new

instrumentation that I propose. It will be presented in Section IX.1.1.

Outlook

A number of further improvements can enhance the performance of the spectrometer

and make it even more flexible. The upper frequency limit is given by the detector

antenna. State-of-the-art THz antennas are able to detect frequencies as high as 5

THz (Ref. 85). By replacement of free-space optics by a fiber-optic system similar to

that offered by Picometrix, Inc. a spectrometer requiring no readjustments at all can

be created. To enable low-temperature measurements, a continuous-flow cryostat or

bath cryostat rather than a close-cycled one should be chosen since high amplitude

vibrations of the latter make the precise positioning of a sample difficult.
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VI. PROPAGATION OF THZ PULSES

In order to focus the terahertz radiation on a detector, eventually on a smaller-size

sample, FIR optics like mirrors or lenses are to be employed. Consequently, it is

worth to know in detail how the temporal waveform and the spectrum of the pulses

are altered due to these spatial transformations.

The pulsed THz radiation does not propagate as a plane wave. On the contrary, a

THz beam has a pronounced radial distribution of frequency components, which

makes THz waveforms and their spectra very sensitive to the influence of focusing

optics and apertures and even to free space propagation.

The half-cycle terahertz beam transformations were first theoretically described in

the frame of Gaussian beam optics by Ziokowski et al. (Ref. 86). Kaplan87 then

extended this approach to pulses with arbitrary time profiles. Jepsen et al. (Ref. 88)

used the ABCD matrix formalism for the simulations of the THz beam propagation.

You and Bucksbaum (Ref. 89) used this formalism to calculate numerically the

changes of time profile and spectra of the pulses due to the transformations by a lens

or a mirror. Feng et al. (Ref. 90) elucidated the role of the phase shift (also called

Gouy shift*) near the focal plane in the reshaping of pulses. More recently, Gürtler et

al. (Ref. 91) have performed detailed numerical simulations of the near- and far field

propagation of THz radiation and presented a spectacular dynamic graphics.

We have performed a detailed experimental study of the spatio-temporal

transformations of ultrashort THz pulses and we quantitatively compare the results to

the theoretical predictions. Our approach is predominantly analytical and it allows us

to describe not only the propagation of THz beams in free space but also the

influence of focusing optics and to take into account the finite size of optical

elements.

                                               

* The effect is named after L.G. Gouy who first observed changes in the light interference pattern

under the influence of focusing optics (L.G. Gouy, C. R. Acad. Sci. Paris 110, 1251 (1890)).
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VI.1. Theoretical description: gaussian beams

Our theoretical description holds on the gaussian beam propagation formalism92.

When possible, analytical expressions were derived and the effects related to the

dephasing of the frequency components within the pulse bandwidth were

distinguished from the effects related to the spectral filtering owing to the beam

diffraction and to its aperturing by the optical elements.

In the following, E(t), e(ν) are denoted as the Fourier pair of the THz electric field

waveform:

( ) ( ) ( )e E t i t dtν π ν= −
−∞

∞

∫ exp 2
(VI.1.1)

VI.1.1. Dephasing of spectral components: simple insight

Let us consider the case when each frequency component e(ν) within the THz pulse

bandwidth acquires an equal phase shift θ. This can occur, for example, by a

reflection on an interface or as a consequence of the propagation of a gaussian beam

between its waist and a distant point (in the last case θ=π/2). Physically, it means

that the spectral components oscillating originally in phase and thus forming an

ultrashort pulse will get dephased (they are shifted by the same fractions of λ, which

correspond to different temporal or spatial shifts). Although the amplitude spectrum

does not change due to this transformation, the temporal waveform of the THz

electric field can be significantly modified. The new waveform is given by:

( ) ( ) ( ) ( )′ =
−∞

∞

∫E t e v i i t dexp sign( ) expθ ν π ν ν2
(VI.1.1.1)
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The term sign(ν) arises from the condition that the corresponding time-domain

response function must be real. After having performed the inverse Fourier

transform, one obtains:

( ) ( ) ( )[ ]ttEtEtE 1vp
sin

cos ∗−=′
π

θθ , (VI.1.1.2)

where vp stands for the principal value of the integral. For example, the phase shift

of θ=π/2 transforms a unipolar half-cycle pulse into a significantly longer (because

of 1/t tails) bipolar single-cycle pulse with the same amplitude spectrum:

( ) ( )
′ = − ∗E t

E t

tπ
vp

1 (VI.1.1.3)

This very simple calculation shows that one can really expect spectacular changes in

the pulse shape related to the transformations by focusing optics: if the distance

between the beam waist and a lenses (or focusing mirror) is much longer than the

confocal parameter z0 for all relevant wavelengths, then the phase change acquired

by the pulse during the propagation between the lens (mirror) and the waist is π/2 (or

3π/2 in the case of a mirror) and the phase change between the waist and the far field

is π/2.

VI.1.2. Free-space propagation

For the sake of simplicity, the analysis will be concentrated only on the on-axis field.

Within the gaussian-beam approximation, one can write down:

( ) ( ) ( ) ( )[ ]{ }�
�

� ���������	�
��
�� ��� ��
��

�
��� −−= νν ,

(VI.1.2.1)

where
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(VI.1.2.2)

e0(ν) determines the near field waveform of the pulse and depends on the optical

pump beam profile and the physical properties of the emitter. The waist of the THz

beam for all the transmitted frequencies is supposed to be located on the emitter area:

this is a reasonable assumption for the usual case when the pump optical beam is not

extremely convergent or divergent. Additionally, w0 is assumed to be equal to one

half of the gap between the emitter’s electrodes for all wavelengths. Introducing Eq.

(VI.1.2.2) to (VI.1.2.1) gives immediately:
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where ( ) ( )cziz νπν 2exp; −=Φ  is a propagator, and
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2
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α = (VI.1.2.4)

The resulting temporal waveform then reads:

( ) ( ) ( ) ( ) ( )[ ]ttYttEztE c
z παπαδ 2exp2; 0 −−∗−= (VI.1.2.5)

where Y(t) is the Heaviside unit-step function and δ(t) is the Dirac delta-function.

The shape of the function in the square brackets can be easily studied: it is obvious

that a half-cycle unipolar pulse in the near field leads to a one-cycle bipolar pulse in

the far field, a one-cycle pulse in the near field is transformed to one-and-half-cycle

pulse in the far field etc. Note also that

( ) ( ) ( )tattYa
a

δ=−
∞→

explim ,
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i.e. the on-axis field vanishes for z→∞ due to the divergence of the beam. It also

directly follows from (VI.1.2.3) that when z>>z0 (i.e. α>>ν) throughout the whole

pulse bandwidth, the Eq. (VI.1.2.5) reads simply as:

( ) ( )
�

��
��� ��

∂
∂

πα
−

=
�

�

�

�
(VI.1.2.6)

The amplitude of the far field is indirectly proportional to z (through α), as expected,

and the far-field time profile is the first derivative of the near-field waveform. This

result is in an analogy with the near and far field radiation characteristics of an

oscillating dipole, as it was discussed for the case of the terahertz emission from a

Hertzian dipole antenna93 and for a large-aperture biased emitter94.

VI.1.3. Influence of focusing optics and apertures

The changes introduced by focusing optics into spatial properties and temporal

profiles of terahertz pulses can be well described using the ABCD matrix

formalism92. In the following, the beam parameters before the transformation by an

optical element are denoted w0 (beam waist size), z0 (confocal parameter), and L

(distance between the waist and a lens or a mirror); the parameters transformed

through an optical element without taking into account its aperture will be primed

(w’0, z’0, L') and the transformed parameters where the optics aperture was included

into the calculation will be double-primed (w”0, z”0, L”). Let us consider a lens with

the focal distance f and a sufficiently large aperture. For the transformed parameters

we then obtain:

( )( )
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′ =
+ + −
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2

2
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2 2 2
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+ −
w w

L f

L z fL
0 0 2

0
2

(VI.1.3.1)

However, for such long-wavelength and broadband radiation, as a pulsed THz beam

is, it is necessary to take into account the lens aperture (denoted A). In our simple
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model, the aperture is introduced in the following way: (i) if the beam size at the lens

is smaller then its aperture, i.e. w(L, λ) < A/2, then the beam is considered unaffected

by the finite lens size, (ii) if the beam size at the lens is larger then its aperture, i.e.

w(L, λ) > A/2, then the transformed beam size close to the lens is set to

w’’(−L’’, λ) = A/2. It will be shown that such a cut-off leads to an effective

wavelength filtering in the beam waist position.

The beam parameters after the transformation and the cut-off take the form:

��
� ′=′′> �νν , ����� ′=′′ (VI.1.3.2a)
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where ( ) ( )[ ] 212
0 12 −= AwLm αν . The parameter α was defined by Eq. (VI.1.2.4).

In the area of the beam optics validity (i.e. when L, L− f, f >>z0) and if, moreover,
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A

−
<<

π
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2
2 (VI.1.3.3)

the formulas (VI.1.3.2a, b) are reduced to the simple relations:
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In the general case, the changes in the spectrum due to the transformation can be

expressed as:

( ) ( ) ( )
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where z stands for the distance between the detection sensor and the transformed

beam waist position. For simplicity, we have omitted the propagator term Φ; the term

w’’(−L’’)/w’(−L’) accounts for the continuity of on-axis amplitude after having passed

through the lens aperture. Using the condition w(L) =w’(−L’) fulfilled for all

wavelengths, we can express the equation (VI.1.3.5) in a compact form (reflection on

a mirror is described by the same expression multiplied by −1):
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where ( ) ( )2
0wczz ′′=′′ πα . The first fraction on the right hand side simply describes

the free space propagation before the lens [see Eq. (VI.1.2.3)], the second fraction is

responsible the transformation by the lens and subsequent propagation in the free

space. Additional focusing optical components can be accounted for by

multiplication of the right-hand side by similar fractions. Thus, the Eq. (VI.1.3.6) can

be rewritten in a recurrent form that is very convenient for computer simulations of

complex optical paths:
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Fig. VI.1.3.1. Scheme of phase shifts and effective amplitude filters due to propagation of the
THz pulse through a set of finite-size lenses (far field).

where αn(z) depends on the beam waist w0,n [Eq. (VI.1.2.4)], e(n) is the field between

n-th and (n+1)-th lenses, Dn is a distance between them, and Ln is a distance between

the n-th lens and the preceding beam waist: Ln and L”n are related by Eq. (VI.1.3.4);

the meaning of the symbols and variables is illustrated in Fig. VI.1.3.1.

The only difficulty arises from the fact that, in general, the parameters Ln, αn (n>1),

and L”n are frequency-dependent as it follows from the Eqs. (VI.1.3.1) and

(VI.1.3.2). Consequently, it is impossible to find a general form of the temporal

profile of the transformed pulse. On the other hand, one can easily study a particular

case, which is often applicable for the main part of the transmitted spectrum: it is the

case when the approximate formulas (VI.1.3.4) can be applied for the beam

transformations, i.e., the beam optics approximation is valid for all the spectral

components. In fact, the condition (VI.1.3.3) is never satisfied for the longest

wavelengths but they are always efficiently filtered out due to the diffraction and the

aperture effect. Then the waist position does not depend on the wavelength and we

obtain for the electric field in the far field (near the lenses) and in the waist:
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where Fn(ν) is amplitude filter related to the aperture of the n-th lens and is given by

the relations:
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The profile of the filter is a direct consequence of our manner of the lens aperture

introduction into the calculation. In particular, this filter has a discontinuous

derivative at ν =νm and therefore it provides an artificial oscillation in the time

domain. The field in the time domain is given by:
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where ωm =2πνm. The singularity in the filter frequency profile can be removed by

choosing a different profile (e.g., a gaussian-like filter), thus the oscillations of

sinx/x-like functions can be avoided. However, essential characteristics of the filter

— its quadratic behavior in the low-frequency limit and frequency independence in

the high-frequency limit — have to be preserved. A more detailed study of the

expression (VI.1.3.9) shows that the main features of the pulse shape in the beam

waist are similar (as the quadratic low-frequency filtering suggests) to the second

derivative of the near field at the emitter; practically, the filter adds one half-cycle to

the far field waveform.
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If one chooses the far field spectrum as a reference that provides the main

characteristics of a particular emitter, then, as the Eq. (VI.1.3.8b) suggests, the

spectral bandwidth in the beam waists will be narrower: it is a result of an effective

linear low frequency and a 1/ν high frequency filtering. The final picture of the

transformations through a set of lenses within the current approximation is depicted

in Fig. VI.1.3.1. The pulse characteristics are related here to the far field spectrum.

The phase shift is always incremented by π/2 between the waist and the far field and

effective low- and high-frequency filters occur in the beam waists.

VI.2. Experimental study of spatio-temporal

transformations of pulsed THz radiation

The experimental setup shown schematically in Fig. VI.2.1. was essentially very

similar to that in Hamburg (see section V.2). The major difference was the THz

optical part, which could be either empty space or a polyethylene lens or a couple of

elliptical aluminum mirrors. The laser was a Lexel 480 Ti:sapphire oscillator with

pulse length of 100 fs, central wavelength of 815 nm, repetition rate of 76 MHz, and

average power of about 400 mW.

THz pulses were generated by a large-aperture photoconducting antennas made of

pure GaAs, semi-insulating GaAs:Cr or InP:Fe which were believed to have large

free carrier lifetimes and, consequently, to provide very short half-cycle THz pulses.

We verified, through time-resolved reflectivity experiments, that the lifetimes are at

least of the order of several tens or hundreds of picoseconds. The emitters were

endowed with golden electrodes with several different spacings (from 3 to 8 mm).

The average photocurrent between the emitter electrodes was quite high (typically 1

mA for 800 V and 3 mm electrode spacing in GaAs, slightly larger for InP) due to

the large free carrier lifetime of the emitters, therefore the emitters were cooled by

the cold air flow.
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Fig. VI.2.1. Schematic of the experimental setup. The legend: EOS – electro-optic sampling
detection system, E – THz emitter, S – sensor crystal, PBS - pellicle beam splitter. Not shown
are a half-wavelength plate and a polarizer in the probe branch. Three versions of the THz
optics arrangement: (a) free space propagation (emitter – sensor distance variable); (b)
focusing with a soothed polyethylene lens (lens position variable); (c) focusing with a pair of
ellipsoidal mirrors with one common focus (second mirror – sensor distance variable).

The electro-optic sampling technique (Section IV.2) with a <110> ZnTe sensor

crystal of an effective thickness of about 0.3 mm (estimated from the real measured

thickness and a residual absorption in the THz spectral range) was employed for the

time-resolved detection of the pulses. The temporal resolution of the detection

system was at least 50 fs.

For the study of the free-space propagation of THz pulses the THz spectrometer was

arranged so that there was no optical elements between the emitter and the sensor

crystal (Fig. VI.2.1a) and the emitter – sensor distance le-s were set variable. All the

used emitters delivered similar signals: unipolar pulses with duration shorter than
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400 fs. In the frequency domain, the non-zero spectral density extended up to 2.5 or

3 THz. The GaAs:Cr emitter was selected for the subsequent measurements mainly

because of the lowest average photocurrent and thus smaller heating of the emitter.

The waveforms for several emitter – sensor distances le-s (from 4.5 cm up to 22.5 cm)

have been measured. Those displacements resulted neither in pulse shape changes

nor in their spectral profile distortions. Fig. VI.2.2 shows the dependence of the peak

value of the waveform and the integrated spectral amplitude of the signal on le-s for

the emitter with 3 mm electrode spacing. Both curves fit very well to 1/l dependence

indicating that, following Eq. (VI.1.2.6), the far field radiation is measured. This is in

agreement with the theory that predicts the frequency component of 1 THz reaching

the far field approximation at the distance of about 3 cm from the emitter. Emitters

with significantly larger spacings between electrodes delivered much smaller signal

amplitudes and therefore we were not able to follow quantitatively what happens

when the le-s distance varies.

In the second series of experiments (Fig. VI.2.1b), the emitter with 3 mm electrode

spacing was used, le-s distance was fixed to 22.5 cm, and a soothed polyethylene

plano-convex lens (f =4.3 cm) with one spherical surface was put between the emitter

and the sensor. Waveforms were taken for different positions of the lens. During
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Fig. VI.2.2. Peak values of the waveforms ( � ) and integrated amplitude spectrum values
( � ) as a function of the emitter – sensor distance. Solid lines: fits with ∼1/ le-s   function.
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these experiments the spherical surface of the lens was directed towards the sensor

and the distances (emitter – lens le-l and lens – sensor ll-s) were carefully evaluated:

the position of the principal points of the lens was taken into account. One set of

measurements is shown in Fig.VI.2.3. The first waveform denoted as reference, was

taken without the lens for le-s =7 cm and was used for the numerical simulations. It

was introduced through the numerical Fourier transform to the Eq. (VI.1.3.6) and the

waveforms expected for various le-l were then calculated and compared to the profiles

measured experimentally. Several points should be emphasized. (i) The amplitude

and the time delay of the reference pulse were adjusted in order to correspond [after

the transformation through Eq. (VI.1.3.6)] to the amplitude and the time delay of the

experimental waveform taken for le-l =3.9 cm. (ii) No further modifications of the

amplitude and delay were made for other studied emitter – lens distances (except for

le-l =15.9 and 16.9 cm which will be discussed separately later). (iii) The distances

le-l =5.8 and 16.3 cm correspond to the situation when the sensor is placed exactly in

the waist position of the transformed beam. For le-l greater than 5.8 cm and smaller

than 16.3 cm the pulse passes through the waist before entering the sensor: this is the

reason why the polarity of the signal is opposite to that of the reference pulse. (iv)

Evidently, the measured pulse shape and even its intensity correspond very well to

the predictions.
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Fig. VI.2.3. Solid lines: waveforms taken using the setup pictured in f Fig. VI.2.2b (the emitter
– lens distance is indicated in the figures). Dotted lines: simulations based on the numerical
Fourier transform of the formula (VI.1.3.6); a reference waveform taken in the free-space
propagation measurements alignment was used in the calculation to simulate e0(ν).
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One finds 2 major discrepancies for the waveforms taken at le-l =15.9 and 16.9 cm. (i)

The intensity of the measured signals had to be multiplied by 4.5 and 7, respectively,

in order to correspond to the results of the simulations (Fig. VI.2.3 shows the

multiplied version of the experimental curves). (ii) The pulses obtained

experimentally are much longer than the pulses resulting from the calculations. For

both distances, the image of the emitter is found to be very close to the sensor and,

moreover, it is reduced more than 2.5 times for high frequencies (ν ≥νm ≈800 GHz

for the particular experimental parameters) while its size increases for lower

frequencies. It means that a very small lateral shift of the focusing lens out of the

centered on-axis position should significantly reduce the spectral density at high

frequencies that could explain the observed discrepancy. In order to check this

hypothesis we set le-l =16.2 and moved the lens laterally. The results are presented in

Fig. VI.2.4. It is clearly seen how both discrepancies are removed when the lens is

centered more precisely on the beam path. The distance from the correct laterally

centered position for the measurements taken at le-l =15.9 and 16.9 cm was about

1 mm.
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Fig. VI.2.4. THz waveforms obtained by sliding the polyethylene lens along the lateral (x) direction
for le-l =16.2 cm. () pulse corresponding to the best alignment, i.e. x=0; (  ) x=0.75 mm;

(– ⋅ – ⋅) x=1.25 mm; (–  –  –) x=1.75 mm; (⋅ ⋅ ⋅) x=2.25 mm. Inset (A): corresponding amplitude
spectra. Inset (B): comparison of the best alignment pulse and the model predictions (as described
for the Fig. Vi.2.3).
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Fig. VI.2.5. THz waveforms and corresponding spectra obtained with 3 mm emitter in the setup with 2
ellipsoidal mirrors for 4 different lm-s. Dotted lines: simulations obtained from the reference waveform

(same as in Fig.VI.2.3) based on the Eqs. (VI.1.3.7) for two mirrors. lm-s in centimeters: (a)

experimental 11.5, model 13.5; (b) exp. 15, model 15; (c) exp. 19, model 16.5; (d) exp. 26, model 20.
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Finally, in the third series of experiments (Fig. VI.2.1c), a pair of aluminum

ellipsoidal mirrors with equal effective focal lengths (f =7.5 cm for 45° incidence)

was introduced into the THz beam path so that the emitter was placed in one focus of

the first mirror, one focus was common for both mirrors (the place for a small sample

in spectroscopic applications) and the sensor was positioned near the other focus of

the second mirror. Then the mirror – sensor distance lm-s was scanned. The

experimental results and the results of simulations for the emitter with 3 mm

electrode spacing are presented in Fig. VI.2.5. The sharp absorption lines in the

measured spectra correspond very exactly to the water vapor rotational transitions

discussed in more detail in the next section. The theoretical curves were calculated

starting from the same reference waveform as for the lens experiments and again the

amplitude and time delay of the reference waveform were fixed for all the

simulations. The agreement with the experiment is excellent for lm-s =15 cm (sensor

exactly in the focus of the second mirror; Fig. VI.2.5b). We can also get a very good

agreement between the experiment and theory for the other positions of the sensor

(see Fig. VI.2.5a, c, and d) but the distance lm-s introduced into the model should

differ systematically from the experimental one.

We repeated the set of experiments using a larger emitter (6 mm). The related

experimental data and the results of the model are shown in Fig. VI.2.5. First, one

can remark that the detected bandwidth is narrower and shifted to lower frequencies

than in the case of 3 mm emitter: it is mainly due to the fact that the limit frequency

νm is decreased approximately by a factor of 2 in the setup with larger emitter.

Secondly, we verified that in the case of 3 mm emitter, the approximate expressions

(VI.1.3.4) can be used in the calculations and lead to the waveforms which

satisfactorily fit the experimental results; however, in the case of the 6 mm emitter

the agreement is poorer within the beam optics approximation. Thirdly, it is clear that

the agreement between the theory and experiment is achieved if the same distance

mismatch as for smaller emitter is supposed. We verified that within our model there

is no parameter which, when being varied around its experimental value, could

compensate the distance mismatch. On the other hand, we did not find any distance

mismatch for the spherical lens case. It thus seems that the problem should be related

to the ellipticity of the mirrors.
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Fig. VI.2.6. THz waveforms and corresponding spectra obtained with 6 mm emitter. All other
parameters are the same as in the legend of Fig. VI.2.5, except lm-s in the case (d): experimental 26
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We chose these mirrors because they are free of the very large astigmatism that

would be introduced by the spherical ones for 45° incidence: the effective focal

distance f is the same for tangential and sagittal plane.

In fact, our experiment suggests that the beam remains in a state close to its waist

state on a longer distance than a gaussian beam does and that at even longer distances

it diverges faster (in order to fit the mirror aperture). The ellipticity of the mirrors

introduces a radial distribution of the radius of curvature — the effective radius of

curvature near the edge of the mirrors is smaller than in the center — and a spherical

wavefront of a gaussian beam is transformed due to the reflection to a more

complicated one:

( ) ( )
1 1 1

2 1R r R f r
= − .

We tentatively attribute the observed effect to these distortions of the wavefront,

however, in order to give more quantitative answer, the scalar diffraction theory

should be used and/or experiments using torroidal mirrors instead of ellipsoidal

should be performed.

Conclusions

A systematic experimental study of the spatio-temporal transformations of ultrashort

terahertz pulses during the propagation by various optical paths including a FIR lens

and ellipsoidal mirrors has been performed and a model describing the problem is

proposed. The experimental results are in a very good quantitative agreement with

the predictions of the model. In particular, the model emphasizes the role of the

phase change during the propagation and shows that the aperture of the optical

elements acts as an effective spectral filter: linear filtering occurs at low frequencies

and 1/ν filtering occurs at high frequencies. These results allow better understanding

of the shape of THz pulses detected with different techniques and can have an
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important asset for the study of various emitters’ characteristics and for the THz time-

domain spectroscopic applications.

VI.3. Absorption of THz radiation in the air

As have been already mentioned (see the Introduction), the TDTS can be effectively

applied to the sensing of gases characterized by significant absorption in THz

frequency region7,8. In the spectra of the pulses measured with our spectrometers,

one can clearly see the sharp absorption of the THz radiation by the water vapor that

is always present in the laboratory air (Fig. VI.3.1). The absorption is caused by H2O

molecule rotation transitions which are defined very precisely8,95 and can be used for

the calibration of THz spectrometers. In Table VI.3.1, measured frequencies and

wave numbers of the absorption lines compared to the data from Ref. 95 are

presented. It is seen that within the frequency resolution of our spectrometer (20 GHz

or 0.67 cm-1 for a 50 ps scan) the agreement is fairly good.
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Fig. VI.3.1. The influence of the water vapor absorption on the waveforms and spectra of
THz pulses: time profile (a) and its complex spectrum measured with the spectrometer
purged with dry nitrogen flow (solid lines) and without purging (dotted lines).
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But for THz spectroscopic applications the water vapor absorption is an unwanted

effect. The abrupt decrease of the amplitude at the frequencies of the strongest

absorption can result in large errors in the determination of a sample’s characteristics

(Section VII.1). To minimize the influence of water vapor, the spectrometer is put

into a plexiglas box purged with dry nitrogen.

Table VI.3.1. Water vapor absorption lines in the THz range

Line # 1 2 3 4 5
f [THz] measured 0.57 0.77 1.13 1.19 1.45

f [cm-1] measured 19.06 25.59 37.57 39.64 48.17

f [cm-1] from Ref. 95 18.58 25.09 36.59 38.73 40.36 48.33

Line # 6 7 8 9 10
f [THz] measured 1.64 1.71 1.76 1.91 2.27

f [cm-1] measured 54.60 57.00 58.67 63.7 75.60

f [cm-1] from Ref. 95 53.46 55.69 57.29 59.68 62.24 64.02 75.52
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VII. TIME-DOMAIN TRANSMISSION THZ
SPECTROSCOPY

VII.1. Processing of time-domain data

VII.1.1. Bulk samples

The inverse electromagnetic problem, i.e. the obtaining of material characteristics of

a sample from its complex transmittance, is solved in terms of complex refractive

index. That means that the sample is believed homogeneous in the whole area of the

THz beam focal spot that is about several millimeter in diameter for the lowest

frequencies. The refractive index n* = n + ik can be then converted to complex

dielectric function * � � ��� ���  or conductivity * � ����� �	�  using the relations:

** ε=n (VII.1.1.1)

* = - � 0
* (VII.1.1.2)

The transmittance of a homogeneous plane-parallel wafer has the form:
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(VII.1.1.3)

where m is a number of internal reflections (echoes) taken into account (see Fig. II.1

(a)). The longer is the scan in time domain the better is the frequency resolution of

the measurements. Thus, to take into account only the main transmitted pulse (m = 0)

i.e. to stop the scan before the first reflection comes would be the fastest way of

doing measurements but worse spectral resolution would be the cost.

When the wafer is optically thin i.e. adjacent echoes cannot be clearly separated, Eq.

(VII.1.1.3) turns into a sum of an infinite row expansion (p = 
���
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It is the case of so-called infinite pass.

Then the Eq. (VII.1.1.3) or (VII.1.1.4) is numerically solved through the Newton-

Raphson algorithm96 to extract the complex refractive index �
� �

.

The determination of the refractive index from the complex transmittance is
�����	��

���
����������������������������� �!���#"$�%�&�('���")���*��',+�� �-�,�������	�����/.-�-�����0�&12�*"43 576!�8��.�'��/.9���

follow the right phase branch one should provide to the program code97 the initial

guess for the refractive index:

10 +
∆

=
d

ct
n

(VII.1.1.5)

+%���/.�� t0 is the time delay between the maxima of the of the pulse passed through

the sample and the reference waveform. The program then tries inherently to hold the

same phase branch but when the transmittance changes drastically (e.g. due to a

sharp phonon resonance, see Fig. VII.1.2.1a) or gets very low (Fig. VII.1.2.1b) or

when the data are simply too noisy, the right branch can be lost at some point and the

program will follow the wrong one. If there is a suspect that some features observed

in �
� �

 could originate not from such “hops” of the calculation routine but from

phonon resonances of unknown oscillator strength, one should choose the correct

phase branch through the Kramers-Kronig check* [Ref. 98] or perform an additional

measurement on a sample of the same material but with a different thickness9.

                                               

* Various phase branches produce different couples of n and k but only the correct couple will

satisfy the Kramers-Kronig relations.
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In the case of bulk samples the transmission TDTS allows the determination not only

of their complex material functions but also their thickness with the precision of few

micrometer99. The refractive index calculated from VII.1.2.3 or VII.1.2.4 is very

sensitive to the thickness of the sample. If one takes a wrong thickness then artificial

oscillations will show up in both index of refraction (Fig. VII.1.2.2) and absorption.

Thus, by variation of the slab thickness and seeking for the minimum of the

amplitude of the oscillations we find the correct value of the thickness.
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Fig. VII.1.2.1. Phase ambiguity can result in a “jump” in the refractive index. (a) Li2Ge7O15: a
pronounced phonon resonance at around 1.5 THz (arrowed) leads to the calculation program
losing the right phase branch (dashed line); (b) MACORTM ceramics: high absorption and
consequent low transmission (see inset) causes the program to hop to the wrong phase branch
(dashed line). Solid lines are the correct spectra of the refractive index.
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VII.1.2. Thin films

If the sample is a thin film on a substrate (Fig. VII.1.1.4), the refractive index of the

substrate has to be measured separately before the measurements of the whole

sample transmittance is performed.

If the pulse passed through the substrate is taken as a reference, the full relative

complex transmittance of the structure with film is expressed by the following

equation
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(VII.1.3.1)

where nf, ns, df, and ds are the refractive indices and thickness of the thin film and the

substrate, respectively. The expression (VII.1.3.1) implies the infinite pass for both

the film and the substrate. If the substrate is so thick that THz echoes in it can be cut

off through the appropriate time-windowing of the waveform, all the terms

containing c

dni ss

e
ω2

−
can be cancelled. Just like in the case of bulk samples, it makes

measurements faster and calculation simpler but it lowers the frequency resolution.

In Fig. VII.1.3.1, an example of the application of the described approach to the

study of a superconducting thin film is shown.
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Fig. VII.1.3.1. Measurement
of the transmittance of a thin
film sample.

Thin film approximation

If the film is optically thin at THz frequencies so that a THz pulse having passed

through it acquires a phase shift much smaller than the typical wavelength i.e.

nf ( /c) df << 1, (VII.1.3.2)

then the thin-film approximation100 can be used.

Moreover, the material of the film is supposed be optically much denser than that of

the substrate:

nf >> ns >1 (VII.1.3.3)

In this case (VII.1.3.1) is reduced to a simple expression:
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 (VII.1.3.4)

where Z0 � ������� �
 is the impedance of free space. The complex conductivity * � �

is then obtained analytically from (VII.1.3.4):
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This approach has been widely accepted for the THz study of
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superconductor101, 11 thin films. In this case, however, the use of the thin-film

approximation appears to be not particularly correct since so highly conductive

materials as HTS can have the refractive index of hundreds so that the condition

(VII.1.3.2) fails even for thin (100-200 nm) films at terahertz frequencies. It was the

reason for us to discard the thin film approximation in favor of the direct numerical

solution of the transmission equation (VII.1.3.1) to obtain the frequency dependent

complex refractive index of the film nf. This approach extends time-domain THz

spectroscopy of superconducting thin films to higher frequencies and thicker films

(Fig. VII.1.3.3). The refractive index can be then recalculated into the complex

dielectric function * or the complex conductivity * through the relations:

* � ����� ���	� *2 (VII.1.3.6)

* � � 
�� ���

��
0

*. (VII.1.3.7)

Finally, the surface resistance of the film is calculated as:

��
��

���
��������

���� �
���

���
ωσ

ωσωσωµω
−

=
(VII.1.3.8)

Actually, in the case of the films whose thickness does not exceed 150-200 nm, the

transmission time-domain THz spectroscopy can be effectively applied only when

the material of the film interacts very strongly with THz radiation i.e. is characterized

by high indices of refraction and absorption like metals or superconductors. For other

materials, the phase shift acquired by a THz pulse during the propagation through the

film can be as small as few tens of femtoseconds which is below the temporal

resolution of TD-THz spectrometers and the film’s material functions simply cannot

be extracted from time-domain data (Fig. VII.1.3.4). For such cases the time-domain

reflection spectroscopy should be employed (Section V.3, see also Section IX.1.2).
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Fig. VII.1.3.2. An example of the application of the TDTS to the study of thin films (80-nm
YBa2Cu3O6.95 film on a 1 mm MgO substrate, T = 300 K): (a) THz waveforms as measured: solid line:
freely propagating pulse, dashed line: pulse transmitted through bare substrate, dotted line: pulse
transmitted through sample (film on substrate). Multiple reflection within the emitter wafer and within
the substrate are marked with arrows and asterisks, respectively; (b) the same waveforms after the
subtraction of the multiple reflections in the emitter; (c) corresponding Fourier transforms; (d)
complex transmittance of the sample; (e) complex refractive index of the film material calculated
through the numerical solution of Eq. (VII.1.3.1) and (f) dynamic conductivity.
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pulse passed through a 1-mm thick MgO substrate measured in a row; dashed curves: 5
waveforms of a pulse transmitted through a 500 nm thick YBa2Cu3O6 film on a 1 mm MgO
substrate, T = 29 K. It is clearly seen that the phase shift due to the propagation through the
film is comparable with the measurements uncertainty.
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VII.1.3. Subtraction of multiple reflections

In every time-domain THz spectrometer, the main THz pulse is always accompanied

by echoes (Fig. VII.1.4.1) originating from multiple internal reflections of optical or

THz pulses in various elements of the spectrometer like beam splitters, emitter wafer,

electro-optic crystal, detector antenna substrate etc. Such “pollution” of the THz

waveform can and should be subtracted prior to further treatment of time-domain

data.
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Fig. VII.1.4.1. The
main THz pulse (solid
line) and its echoes
(dashed line). The
multiple reflections
inside the emitter wafer
and the electro-optic
crystal are marked with
arrows and asterisks,
respectively.

The echoes caused by multiple reflections in the pump branch (i.e. the reflections of

pump optical pulses or THz pulses themself) of the spectrometer arrive after the

main pulse.  They can be precisely subtracted provided that the reflecting element is

a plane-parallel plate with known optical properties and the electromagnetic radiation

(THz or optical) have normal incidence on the plate. If all the above conditions are

satisfied then the THz waveform appears after the subtraction in the form:

Esub(t)=Ei(t) - a Ei(t- t), (VII.1.4.1)

where Ei(t) is the measured THz waveform, a is the amplitude ratio of two adjacent

reflections and �  is the time delay between them. If the element’s material does not

strongly absorb then a and t are given by:
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where d is the thickness of the plate, n is index of refraction of its material and  c is

the velocity of light.

There can also be echoes coming from multiple reflections in the probe branch of a

spectrometer. They come before the main THz pulse and to subtract them, rather

complicated iterative procedure is required. But they are usually quite weak and

therefore one can employ the same linear procedure as in the case of the reflections

in the pump branch but, of course, with negative � .

VII.2. Dynamic conductivity of high-Tc thin films

VII.2.1. Motivation

Symbolically, the appearance of time-domain THz spectroscopic methods has

coincided with the discovery of high-temperature superconductivity102. Since that,

the superconductivity in cuprates has become an unprecedentedly fast growing area

of materials research. There have been enormous improvements in preparation and

physical characterization of high-temperature superconductors103 (HTS). These

studies are stimulated by needs of electronic industry that sees HTS as extremely

perspective materials to be used in low-loss transmission lines, ultra-large-field

magnets, powerful electromotors, and even levitating trains104. In the most of high-

tech applications of HTS like, for example, tunneling-based computer elements or

radio-frequency filters (e.g., for cellular phones), the HTS are usually employed in

the form of thin (up to few hundred nanometer) films103,105.
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As has been mentioned in the introduction to this thesis, TDTS covers the

frequencies, which are hardly accessible for traditional IR and MW methods. On the

other hand, the scattering rates in cuprate HTS fall into THz range that makes it

especially attractive for the study of their superconductivity mechanism. Moreover,

TDTS provides a direct access to the complex material functions while MW

techniques measure only a sample’s surface resistance from which complex

conductivity can be obtained only after making some assumption about the

microscopic properties of the sample.

This work presents a study of THz complex conductivity of thin films of two cuprate

HTS: YBa2Cu3O7-x (YBCO) and Tl2Ba2CaCu2O8 (Tl-2212) by means of the

transmission TDTS. The former is the HTS material studied most intensively by all

means. Thanks to its technological flexibility, it also finds more industrial

applications than any other cuprate superconductor. For us, YBCO has served

primarily as a model material for tuning our measurement equipment and data

processing procedures to the superconductor research.

Although the growth technology of Tl-Ba-Ca-Cu-O (TBCCO) systems is less

advanced than that of YBCO and the production and handling of Tl-compounds

requires higher safety precautions, Tl-2212 nevertheless possesses some properties

which make it a very promising material for such electronic applications as e.g.

channel filters for satellite-based communications systems, low-phase-noise

oscillators for radars or active superconducting devices e.g. SQUIDs106. TBCCO is

namely characterized by higher transition temperature (ranging from 98 K to 110 K),

lower 1/f noise107, and smaller concentration of intrinsic weak links108. At MW

frequencies, Tl films provide at 40-70 K the surface resistance values 50 % lower

than YBCO [Ref. 103]. The Tl-2212 system was to date not systematically

investigated in the THz range and here we present the first study of its complex

material constants by the means of TDTS.
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VII.2.2. Experimental data treatment

In order to extract the complex conductivity (or dielectric function) of an HTS thin

film’s material, the procedure described in Subsection VII.1.3 is employed. Due to

very high absorption of HTS materials at THz frequencies, the condition VII.1.3.2

can be hardly satisfied for the films with thickness of several tens of nm and higher.

Thus, we rejected the thin-film approximation in favor of a numerical solution of the

transmission equation VII.1.3.1.

Two-fluid- and Drude models

Although much has been learned about the properties of cuprate HTS since their

discovery 15 years ago, there is still no generally accepted theory that would account

for all the phenomena observed in these materials in normal and superconducting

state. In most cases, however, THz data can be satisfactorily analyzed in the

framework of phenomenological two-fluid model. It considers the charge carriers in

a superconductor being of two kinds: normal carriers whose motion is described by

the Drude model and superconducting carriers behaving according to the London

equation. The total conductivity is then given as a sum of the normal and

superconducting components:

��������� ��� �� ωσωσωσ += . (VII.2.2.1)

The normal part n is approximated by the classical Drude expression:

���
	���
� ��
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ωτ
τωσ

−
= ,

(VII.2.2.2)

where nn is the concentration of the normal charge carriers, m* is their effective mass,
����� ��������� �"!#�%$ �&���'��!(�)�+*,���)-.�+/.01���3254�����4��6�&798�!%�+�:�%�;4��6<=4�!������ superconducting

fraction of conductivity has the form:
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with ns being the concentration of superconducting carriers and L the temperature-

dependent London penetration depth. Note, that superconducting carriers contribute

only to the imaginary part of the whole conductivity. In other words, an ideal

superconductor behaves as a pure inductor.

The real and the imaginary part of the whole complex conductivity is then given by

the following expressions:
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(VII.2.2.4b)

where xn and xs are the relative normal and superconducting carriers fractions,

respectively, so that xn + xs = 1. p is the plasma frequency: 2
p=e2N/m*

0 (N is the

total concentration of carriers, so that nn + ns=N and nn= xnN).

In our analysis, we assume that so-called clean limit is valid. It means that the normal

conducting fraction vanishes and all carriers turn superconducting at zero

temperature. In this case,
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(VII.2.2.5)

and the expression for the plasma frequency is

34567 8
λ

ω =
(VII.2.2.6)
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There can be two ways of the fitting of experimentally measured complex

conductivity with Eqs. VII.2.2.4a and b. One can either use these full

expressions109,110 or rely on their low frequency approximations. In both cases, L(0)

(and p ���������
	��
������������	��������
	����
���� ��!	������"��# $%	�� T = 0.

The full Drude fit implies fitting first the real conductivity &  to obtain  and then,

having the Drude contribution (the first term in Eq. VII.2.2.4b) fixed, the imaginary

part '  to get L. However, it is often quite problematic, especially at lower

frequencies, to employ Eq. VII.2.2.4a as a fit function with two parameters  and xn.

In such cases an assumption about the character of the xn(T) dependence is made to

set limits to the variation xn. By the analysis of the data on YBCO we have accepted

the phenomenological expression

()*






= +, -

--. (VII.2.2.7)

that has proven to provide satisfactory fits at microwave109 and terahertz11

frequencies.

An alternative, called zero-frequency fit or simply zero-fit, uses the low-frequency

limit (  <<1) of Eq. VII.2.2.4a and it ignores the contribution of normal carriers to/
 at temperatures below Tc.

0132τωεσ 456
= (VII.2.2.8a)

ωλµ
σ 78

9:
;=

(VII.2.2.8b)

The penetration depth is then extracted directly from the measured imaginary

conductivity:

<=>>
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(VII.2.2.9)
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and the quasiparticle scattering rate comes as
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Zero-fit was employed by many researchers (see, for example, Ref. 11). It uses

simple and unambiguous fits and is free from any a priori assumption about

scattering mechanisms in the superconductor (i.e. the temperature dependence of xn).

However, ignoring the Drude contribution to 
/
 leads to an underestimation of the

London penetration depth. Furthermore, dropping of the  term causes errors in the

determination of . In fact, this approach is not a real fit since it implies only some

manipulations with the temperature dependences of conductivity instead of fitting its

frequency spectra. In its framework �  (see Eq. VII.2.2.8) is frequency independent

provided that we consider the scattering time  frequency independent. As a

consequence, zero-fit unlike the full Drude fit fails to satisfactorily describe the

spectra of the real conductivity in HTS at temperatures well below Tc. Due to all

these reasons we performed full Drude fits whenever possible. Zero-frequency fits

were used mostly for the processing of very noisy data, e.g., those measured at the

lowest temperatures where the transmissivity of HTS films is low.

VII.2.3. Thin-film samples

We have investigated several samples of YBCO and TBCCO thin films. Their main

parameters are presented in Table VII.2.3.1. All the films were deposited on square

10–mm substrate, as the dimensions of the sample holder required (see Fig. V.1.4.2.).

The YBCO films of thickness from 50 to 100 nm were prepared on 10mm x 10mm x

1mm MgO substrates by the methods of thermal evaporation, dc magnetron

sputtering as well as pulsed laser ablation. The Tl-2212 sample was a 80 nm

Tl2Ba2CaCu2O8 film on a 10mm x 10mm x 0.5mm LaAlO3 substrate. It has been

deposited by sputtering a BaCa2Cu2O6 precursor film in argon atmosphere and
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subsequently annealed at 877°C for 20 min in a sealed crucible containing optimal

Tl-2212 powder.

The superconductor transition temperatures of the films’ materials have been

determined through the measurements of the temperature-dependent dc-resistivity by

four-probe method. The stoichiometry of the YBCO films was checked with the

means of Raman spectroscopy111. All the HTS films studied are c-axis oriented, i.e.

the a-b plane lies parallel to the films surface. THz radiation incidents normally on

films so that its polarization oriented in the a-b plane (Fig. VII.2.3.1). As the films

are not ordered in the plane, a mixed a-b response have been measured.

E

H

k

substrate

c - axis

Fig. VII.2.3.1. Measurements of
THz transmission of HTS thin
films.

Table VII.2.3.1. Parameters of the studied HTS thin-film samples.

sample
index

film composition substrate film deposition
method

film
thickness
(nm)

Tc (K) L(T=0)
(nm)

YBCO1 dc magnetron
sputtering

50 86.6 160

YBCO2 laser ablation 80 85.2 179

YBCO3 80 81.97 168
YBCO4

YBa2Cu3O6.95 MgO

thermal evaporation
100 85.94 186

TBCCO Tl2Ba2CaCu2O8 LaAlO3 sputtering of
BaCa2Cu2O6 precursor
film + annealing with
Tl2Ba2CaCu2O8 powder

80 99.0 245
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VII.2.4. YBa2Cu3O6.95: experimental results and discussion

THz transmission spectra

Fig. VII.2.4.1. shows the relative (with respect to the transmission of the MgO

substrate) amplitude transmittance spectra of a YBa2Cu3O6.95  thin film* for several

different temperatures. At temperatures well above Tc the transmittance is almost

frequency independent which is typical for the metallic character of the HTS in the

normal state. The superconducting transition causes drastic changes in the

transmission spectra. First, there is an abrupt drop in the magnitude of the

transmittance at T < Tc where the growth of the Cooper-pair density results in the fast

increase of reflectivity. Second, as the temperature further decreases, the

transmission develops strong frequency dependence. Namely, the inductive character

of a superconductor’s conductivity (see Eq. VII.2.2.3) makes it acting as a high-pass

filter so that the transmittance increases with frequency.
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Fig. VII.2.4.1. Transmission
spectra of a YBa2Cu3O6.95

thin film at various
temperatures.

                                               

* When another is not specified, the presented data relate to the YBCO1 sample
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Complex conductivity spectra and their temperature variation

The frequency spectra of the real and the imaginary part of dynamic conductivity are

depicted in Fig. VII.2.4.2. In the normal state, 
�
 depends weakly on frequency,

exhibiting slow Drude-like fall. However, when the sample turns superconducting,

the dependence becomes much more pronounced due to the rapid growth of the

carrier relaxation time (see Eq. VII.2.2.4a). As the temperature falls from 300 K

down to Tc, the absolute value of 
�
 monotonically increases roughly according to a

1/T-law (Fig. VII.2.4.3a). Below Tc, the 
� �����

 dependence exhibits a distinctive peak

at some frequency-dependent temperature ranging from 43.5 K at 200 GHz to 75.3 K

at 1 THz.

In the framework of the two-fluid scenario, only normal carriers contribute to the real

conductivity 
�
 which means that it is supposed to go to zero at T << Tc (provided

that the clean limit is valid). In our case, the temperature dependence of 
�
 (Fig.

VII.2.4.3a) can be well extrapolated to zero at T = 0 K which is one more indication

of a good quality of the sample*.

The imaginary conductivity (Fig. VII.2.4.2b) above Tc is almost frequency

independent and has absolute values at least 3 orders of magnitude smaller than
�
.

Below Tc the ����	�

���������������������
� �"!�# $�
%	�
%��$�

���

&�
���'��()�*�*
%�+�,�-( ��.-/10'243�5�562 782 7'2 9'2:5��;�
absolute value rises sharply with falling temperature (see Fig. VII.2.4.3b) and

starting from several degrees under Tc the whole conductivity is dominated by � . Its
sharp rise with the onset of superconductivity can serve as an independent method of

the determination of the superconducting transition temperature**. At T ~ 30 K the

                                               

* Strictly speaking, <  never goes to zero at T =?> @BADC8EBF%G%H�HJI�K1LMI�N)O;HPGQN)I6RSFMI�TPUQVXW%=ZY\[�O�@%@
U�H4FMI
reached with our cryostat and the detailed analysis of residual normal conductivity is out of the

scope of this work.

** However, due to differences in calibration procedures of the setups, Tc obtained by this means at

THz frequencies may slightly deviate from the one determined with four-probe measurements of

dc resistivity10. Thus, from the curves in Fig. VII.2.4.3b comes Tc
THz = 88.7 K while Tc

dc = 86.6 K

for this sample.
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� �����  begins to saturate at a level of approximately 4 orders of magnitude higher

than its room-temperature value.
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Fig. VII.2.4.2. The real (a) and the imaginary part (b) of complex conductivity vs.
frequency for a 50-nm thick YBa2Cu3O6.95  film.
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Conductivity peak

The large broad peak in 
� �����

is present already in MW range109,112,113. There, the

main trend for the peak is to become smaller and to be shifted to higher temperatures

for increasing frequency. At THz frequencies we observe the same behavior of the

peak which is consistent with other results reported recently114,115,116,117,118. Some

researchers, however, claimed the temperature of the peak to be frequency

independent11, 110.

The detailed nature of the peak is still a topic of intense discussions. It is now

generally accepted that it is not a result of BCS-type coherence effects since no

coherence features are seen in NMR measurements on YBCO119. The conductivity

peak’s existence is attributed to a competition between two temperature

dependences: the sharp increase in the quasiparticle scattering time  and the

vanishing of the superconducting fraction xn with the temperature decrease. As �  is

proportional to xn , the interplay of those effects leads to the formation of a peak

below Tc. There have been also some attempts to take into consideration this effect

simultaneously with BCS coherence phenomena116.

Recently, it has been shown that in crystals of higher quality the peak becomes more

pronounced, rises higher, and is located at lower temperature. It is consistent with the

above interpretation since the high-purity crystals are naturally characterized by

lower concentration of scattering centers i.e. by larger . It may be also the

explanation why the peak temperature appears to be frequency independent in some

THz experiments (Ref. 11, 110). Unlike MW measurements, they are performed on

HTS thin films whose quality is much lower than that of single crystals. As a

consequence,  is smaller and the peak is broader. Moreover, the peak arises at

temperatures well below Tc where 
�
 dominates over �  and thus the last is

determined with much higher uncertainty. These two factors make the exact position

of the peak (and its change with frequency) harder to determine.
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Penetration depth and scattering rate

Fig. VII.2.4.4 shows the London penetration depth for the YBCO samples as a

function of temperature at 0.5 THz. The presented in Table VII.2.3.1. values of

L(T=0) are obtained from the corresponding temperature dependences by

extrapolating them to zero temperature. For our best sample, L(0) = 160 nm, which

is close to 145 nm reported for very high quality YBa2Cu3O6.95 crystals109. In fact,

penetration depth can serve as a characteristic of the film quality. Thus, laser ablation

is one of the fastest growth techniques but gives films with the concentration of

defects much higher than dc magnetron sputtering or thermal evaporation. Our

measurements confirm this: L(0) for the laser ablated YBCO2 sample is 11 nm

larger than that of thermally deposited YBCO3. On the other hand, the epitaxial

quality of films is usually lower for larger thickness. This is again consistent with our

results: of the two samples which have been grown by thermal evaporation, the

penetration depth of 80-nm thick YBCO3 is 18 nm lower than in the case of 100-nm

YBCO4. It should be noted, however, that the conductivity and, consequently, L for

100 nm film is defined with higher uncertainty because of the lower transmittance of

the film.

Another motivation to study the temperature dependence of the penetration depth is

that it reflects the underlying microscopic nature of a sample’s superconductivity. In

Fig. VII.2.4.4b normalized penetration depth ( L(0)/ L(T))2  (which equals to xs in the

clean limit) as a function of normalized temperature T/Tc is presented as compared to

the predictions of various superconductivity theories. BCS theory implies an

exponential activation of normal carrier fraction xn (Ref. 120):
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Theories of “unconventional superconductivity” give a complicated picture of the

energy gap having nodes in k space and predict power-law dependence for

normalized penetration depth:
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As it is seen in Fig. VII.2.4.4a, our data cannot be satisfactorily described neither by

the classical Gorter-Casimir two-fluid model121 �	��
���
�� ����� ���������������	���! #"��$��%�&
wave pairing122 '�� �	�(� �)� �+*�,.-/�0�1�1�2
2%�3#�	���4�657
4�8�����9'��2�:���	���<;<=?>@
:��% ��A@B�"��1���.�C,0DE���
last describes the d-wave superconductivity with strong impurity scattering123. The
��AF���2��
4���G���(��HI�	���J�����$K8
25G�GL.�2%M 0�2�����	�$
N�	�G���O%��: #�	�M��
.�(
259�$�F���2�2�O�#�P�$�:�)���2%F���#�	��
��

MW109 and THz (ref. 115) frequencies.

The quasiparticle scattering rate 1/  (Fig. VII.2.4.5) slowly decreases from the room

temperature down to Tc approximately proportional to the temperature. Such

behavior has been previously reported for IR and FIR frequencies117. Below the

transition temperature, the character of the decrease abruptly changes to a rapid

exponential fall down to a value around an order of magnitude lower than that at 300

K. Starting from T ~ 50 K, the scattering rate remains almost constant as temperature

decreases. Similar behavior was registered in YBCO both at MW109 and THz (Ref.

118) frequencies. It is probably caused by impurity scattering as the plateau in 1/ Q/RTS
in high-quality crystals is significantly lower and is reached at lower temperature

than in thin films 109, 112.

The collapse of the scattering rate below Tc appears to be a unique property of

cuprate HTS and is responsible for the formation of the peak in the temperature

dependence of the real part of conductivity.
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Fig. VII.2.4.4. Temperature dependence of the London penetration depth at 0.5 THz. (a):
L(T) in linear scale for four YBCO samples, (b):normalized penetration depth vs.

normalized temperature, measured data for YBCO1 and TBCCO samples and curves
predicted by some theories.

Temperature dependence of the scattering rate is very sensitive to the procedure

applied for its extraction from conductivity spectra. It is clearly seen in Fig. VII.2.4.5

that, compared to zero fit, the full Drude fit provides much higher uncertainty in 1/

at T > Tc. The reason for that is very weak dependence of �  on frequency at higher

temperature. On the other hand, zero fit completely ignores the frequency

dependence of real conductivity (see Subsection VII.2.2) which at lower temperature

leads to very large errors in 1/  and to overlooking of the plateau. The results

obtained by other groups confirm this idea. Thus, Buhleier et al.124 (see Fig.

VII.2.4.5) who used zero fit, did not observe � Q/RTS  to remain almost constant at lower

temperatures in contrast to Pimenov et al.118 who performed full Drude fits and

clearly observed the plateau.
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Fig. VII.2.4.5. Quasiparticle scattering rate for 80-nm YBa2Cu3O6.95 film as a function of
temperature obtained from zero- and the full Drude fits to the conductivity spectra.

VII.2.5. Tl2Ba2CaCu2O8

Complex conductivity

The study of the in-plane conductivity in a Tl2Ba2CaCu2O8 (Tl-2212) thin film has

revealed that its temperature dependence is markedly different from �
�����

 of YBCO.

The most important, it has different shape at different frequencies. From the lowest

detectable frequency (~100 GHz) and up to ~500 GHz, �
�����

 of the Tl-2212 thin film

forms a peak at around 60 K. In stark contrast to YBCO, the peak does not shift to

higher temperature with increasing frequency and, moreover, it is preceded by a

smaller peak at around Tc. The latter is barely seen below 300 GHz but as frequency

increases further, the main peak disappears while the smaller one remains.

A similar behavior of the �
�����

 dependence has been recently reported for thin film

of Bi2Sr2CaCu2O8 (Bi-2212, Ref. 125) that has the crystal layering arrangement

identical to Tl-2212 (Ref. 126). The major difference is that our results show that the



114

real conductivity tends to zero at the lowest temperatures for all frequencies in the

THz range while in Bi-2212 it was observed only above 200 GHz.

To date, there is no satisfying explanation of the unusual temperature evolution of � .

It is clear that, unlike the YBCO case, it cannot be described by the competition of

the vanishing of normal carrier fraction xn and the rapid growth of one frequency

independent scattering time . In order to account for the complicated character of the

�
�����

 in Tl-2212, this simple model must be modified by either an introduction of

more relaxation times describing different scattering mechanisms or/and making

frequency dependent: the rapid drop at Tc at frequencies below ~ 500 GHz should

change to rather weak temperature dependence at higher frequencies. The idea of two

types of carriers has been already raised in connection with non-Drude behavior of

the conductivity in some cuprates incl. Tl-2212 (see Ref. 127 and the references 22-

24 there).
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Fig. VII.2.5.1. Temperature dependences of real and imaginary (inset) part of complex�����������
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no low-temperature peak that is typical for YBCO but forms a smaller peak around Tc.
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Penetration depth

Since we could not attribute one frequency independent quasiparticle relaxation time

to Tl-2212 we used a zero-fit (Eq. VII.2.2.9) to extract the London penetration depth

from the temperature dependence of imaginary conductivity ���  We observe that  is

proportional to temperature for T < 55 K (Fig. VII.2.5.2) which indicates a good

crystalline quality of the Tl-2212 film. By extrapolation of the L(T) dependence to

zero temperature we obtain L(0) = 245 nm which is in an excellent agreement with

the results of the penetration depth measurements by other methods from SQUID

magnetometry ( L(0) = 221 nm, Ref. 128) to microwave spectroscopy ( L(0) = 260

nm, Ref. 129). As it is seen in Fig. VII.2.4.4b, the normalized penetration depth vs.

normalized temperature in Tl-2212 is close the corresponding dependence in YBCO

which indicates the similarity of the superfluid condensation mechanisms in both

materials.
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Surface resistance

In the area of high-frequency applications of HTS, the surface resistance Rs(f,T) is

one of the key material parameters since it determines the dissipation of ac currents.

In this subsection, an analysis of the frequency- and temperature dependences of Rs

in Tl-2212 thin film is presented.

The surface resistance from 0.2 to 1.0 THz of the Tl-2212 thin film is displayed in

Fig. VII.2.5.3 for temperatures above and below Tc and compared to the results of the

MW measurements129, 130,131,132,133.
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Fig. VII.2.5.3. Spectra of the surface resistance of a Tl2Ba2CaCu2O8 thin film at
various temperatures (a) and compared previously reported microwave results (b).

At temperatures above Tc the surface resistance is approximately proportional to the

square root of frequency as expected for the normal skin effect. As the Tl-2212 film

enters the superconducting state the nonlinear frequency dependence of the surface

resistance is strongly enhanced, particularly at higher THz-frequencies.

In microwave studies of Tl-2212 thin films131, 132 the frequency dependence of Rs at T

< Tc has been described as increasing with the square of frequency �
� �

:

��
�

� �
�

�
�	


 λσµω≈
(VII.2.5.1)
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This expression is valid � ����� ’’>> ’ and ’= ’(T), i.e. frequency independent
���
	��
��	�������	��������
����� � � �"!$#

We now compare the THz-measurement of the surface resistance at the temperatures

around the boiling point of liquid nitrogen (~ 77 K) to previously reported

measurements performed at frequencies between 3.7 and 94.1 GHz (Fig.VII.2.5.3b).

In the works cited the measurements have been performed on Tl-2212 thin films

deposited by different methods like laser ablation130 or magnetron sputtering131-133 on

different substrates like LaAlO3 (Ref. 128-131) or MgO (Ref. 127). Nevertheless, the

various samples are rather uniform in their properties as characterized by transition

temperatures in the range of Tc = 98 to 110 K and London penetration depths
% ���&�'�
�
(

L(0) = 200 and 260 nm.

It is evident from Fig.VII.2.5.3b that our TDTS measurements of Rs are in a very

good agreement with previous MW data with regard to the overall magnitude of Rs as

well as the frequency dependence Rs ∝  f2.

Our broadband measurements confirm that the surface resistance increases with the

square of the frequency at T )+*
*�, #.-/�0�
�213�4�65873(
9
:;�
58�'��1<�>=?:����
���@���A�B�>�C���>=?���&73=?�$�

below ~77 K the surface resistance spectra cannot be satisfactorily fitted with a f2

dependence. Thus, we fitted our data with a third-order polynomial:

R f T A T B T f B T f B T fS ( , ) ( ) ( ) ( ) ( )= + + +1 2
2

3
3 (VII.2.5.2)

The temperature dependencies of the polynomial coefficients A(T), B1(T), B2(T) and

B3(T) as determined by cubic fits to the experimental data are displayed in Fig.

VII.2.5.4. The frequency dependence of Rs is dominated by the linear term B1 and the

cubic term B3 below T = 60 K. The coefficients B1 and B3 are highest for the lowest

temperature measured and decrease with rising temperature whereas B2 grows. From

T = 77 K to Tc the frequency dependence of Rs is dominated by the quadratic term B2.
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The f3-dependence of Rs cannot be explained by ’ getting frequency dependent

through the  term in Eq. VII.2.2.4a because at higher frequencies it would make ’

decrease and subsequently the rise of Rs slow down (as illustrated for YBCO in

Fig.VII.2.5.6) or even to turn the surface resistance frequency independent. BSC

analysis predicts a similar behavior of Rs or even its decrease at higher frequencies134

i.e. the trend opposite to that observed. At the moment, there is no satisfactory

theoretical description of the appearance of the f3-term. It is possibly caused by some

additional losses, for example, dielectric loss. The analysis of the dielectric function

of Tl-2212 in the following Subsection also indicates this possibility.

 The temperature dependence of the surface resistance of the Tl-2212 thin film is

shown in Fig.VII.2.5.5. Above the superconducting transition temperature the

surface resistance linearly depends on temperature for all frequencies. Below Tc, it

monotonically drops two orders of magnitude between 99 K and 27 K first as T4 for T

from 99 K down to 70 K and then directly proportional to temperature for T < 70 K at

f = 0.4 THz. As frequency increases the surface resistance reaches a plateau at low
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temperatures (f > 0.8 THz). This is again the manifestation of the onset of Rs ∝ f3.
� �
� =?�$�B7<� �B	�(���=?�$�?	�9�7<�
� �B73=?�6�$�
� =?�$�?	&�B�B�>(
�
� 	&��� #�� ��� f = 0.9 THz and T = 30 K.

From the point of view of MW- or THz electronic applications, it is interesting to

compare the investigated Tl-2212 to “HTS #1” YBCO and to such widely used metal

as gold. Fig. VII.2.5.6. shows the surface resistance of the Tl-2212 film compared to

YBCO1 sample and gold (the data on Au are taken from Ref. 135). At 77 K gold

always exhibits a lower surface resistance than Tl-2212 in the THz range. Compared

to YBCO, Tl-2212 has lower Rs below ~ 0.6 THz at this temperature and has larger

Rs at higher frequencies. At the lowest temperature measured in our experiments (T ~

27 K) Tl-2212 has approximately the same surface resistance than YBCO but lower

than gold for f < 0.5 THz and larger Rs than YBCO and gold above 0.5 THz.

Dielectric spectra

TDTS gives a unique possibility to the direct study of a material’s complex dielectric

function * � �
	�� 
�� Unlike MW or IR spectroscopy, * comes immediately from

the measured THz transmissivity or reflectivity and there is no need to have any a

priori knowledge about the properties of the material (e.g., � ).

The above-described unusual properties of Tl-2212 at higher THz frequencies clearly

manifest themselves in the dielectric function spectra as well. Normally, the real part

of the dielectric function (also called dielectric dispersion) in metals and

superconductors is negative which corresponds to the strongly inductive behavior of

a material. In Tl-2212, however, even at the lowest temperature reachable with our

cryostat (~ 27 K) we observe the � � ���  curve to cross the zero level (Fig. VII.2.5.7).

As the temperature increases and the absolute value of �  falls, the frequency where
�  turns zero decreases and above Tc the dielectric dispersion is positive in the whole

frequency range of our spectrometer (see inset (b) in Fig. VII.2.5.7 and the

temperature dependences in Fig. VII.2.5.8). It is quite surprising since the sample is

metallic. � > 0 is certainly not an artifact of the experimental setup since it is well

reproducible while in YBCO we observe only negative dielectric permittivity.

Measurements of IR reflectivity (inset (c) in Fig. VII.2.5.7) at room temperature have
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produced �  of the same order of magnitude and the sign as our THz results*.

Previously, �  turning positive in Tl-2212 at higher temperature in mid-IR range have

been also reported136.

As a rule, the response of a metal or a superconductor at THz frequencies is

dominated by free-carriers contribution, which screens out all other components like

lattice oscillations. Tl-2212, however, strikingly differs from other cuprate HTS by

the pronounced phonon structure that is clearly seen in its reflectance and

conductivity at FIR frequencies137. Slightly above our frequency range, at least two

infrared active phonon modes at 2.12 THz (TO) and 2.14 THz (LO) are expected138

and this phonon contribution can be responsible for the real dielectric function to

become positive at T > Tc. The authors of Ref. 135 argued that the phonon structure

that they observed in their FIR reflectivity measurements might arise from the c-axis

response due to the non-normal incidence. In our TTDTS experiments, however,

samples were always set to the normal incidence. Thus, the “visibility” of the phonon

background has to be explained by some intrinsic mechanism that would cause

lowering of the carrier concentration and thus of the screening of phonons.

                                               

* The IR reflectivity measurements have been kindly performed by Dr. Vladim � � ����������	�

of the

Institute of Physics of the Czech Academy of Sciences in Prague.
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The contribution of a phonon to the complex dielectric permittivity can be described

by a damped Lorentz oscillator:

ωγωω
ωε

i

S
Lorentz −−

= 2
0

2

2
0 ,

(VII.2.5.3)

where S is the oscillator strength, 0 is the central frequency, and  is damping of the

oscillator, respectively.

Then the full dielectric function in the two-fluid scenario takes the following form:
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At the moment it is hardly possible to fit the measured * 
 ��� � 
 ����� ��
 �  with

these full expressions because of (i) unknown frequency behavior of quasiparticle

scattering time  (or more then one , see above) and (ii) lack of reliable FIR data on

Tl-2212 which could provide phonon(s) parameters S, 0, and . So, in order to take

the phonon contribution into account we simply introduced a frequency-linear term

into the zero-fit expression for �  to obtain a corrected value of the London

penetration depth at each temperature:

�������� �
�

!
•+−= ""

"
#

ωλ
ε

(VII.2.5.5)

Such phonon-corrected fit to the dielectric function (or conductivity) produces

indeed smaller values of L (Fig. VII.2.5.2), especially at higher temperatures, which

to our mind are closer to the right ones.
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VII.2.6. Conclusions

The investigation of the complex material functions of high-Tc superconductors

YBa2Cu3O6.95 (YBCO) and Tl2Ba2CaCu2O8 (Tl-2212) by the means of TTDTS has

been carried out. The data on YBCO were analyzed in the framework of the two-

fluid model that allowed the extraction of such intrinsic material parameters as

quasiparticle scattering rate and the London penetration depth.

Our experiments revealed that in Tl-2212 the temperature dependence of complex

conductivity looks significantly different from that in YBCO and thus cannot be

described with one frequency independent scattering rate. Another deviation from the

classical two-fluid behavior was observed at frequencies above ~ 0.9 THz and may

be probably caused by unusually strong influence of phonon modes. Thus, the

surface resistance deviates strongly from the microwave f2-dependence and the real

part of the dielectric function at T > Tc turns positive at higher THz frequencies.

From the practical point of view, our results show that that thin films of Tl-2212 can

be used in THz electronics with at least the same effectiveness as YBCO and thank

to its higher Tc and lower 1/f noise it is a very promising material for future

applications.

VII.3. Complex transmittance of tungsten wire grids

VII.3.1.  Introduction

Free-standing wire grids are widely in use in FIR and THz spectroscopic techniques

as polarizers and beam dividers. Thus, at DESY they are employed in a Martin-

Puplett interferometer that detects THz pulses produced by relativistic electron

bunches in the TESLA test facility. The interferometer is used for electron bunch

length measurements and is operated between 0.05-1.6 THz (Ref. 139). In the

framework of our collaboration with DESY, we have investigated the complex
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transmittance of the grids by the means of TDTS to make possible the calculation of

the performance of the entire setup. Our motivation was also the applicability of the

existing theories of wire grid transmission to the THz frequency range.

The experimental studies of the transmission of wire grids by Mok et al.140, Beunen

et al.141 and Volkov et al.142 appear to be the most comprehensive. The frequency

range covered by those measurements extents from 0.6 THz to 13 THz (Ref. 141)

and from 1.2 to 9 THz (Ref. 140) for grids with filling factors from 0.15 to 0.33 THz

(Ref. 141) and from 50 GHz to 0.2 THz (Ref. 140). The amplitude and the phase of

the transmitted THz-radiation in those experiments have been measured by

dispersive Fourier spectroscopy.

The basic geometrical parameters of a wire grid are the wire diameter s, the grid

period D, and the grid fill factor f = s/D. In this study wire grids with fill factors 0.20

and 0.33 in the frequency range 0.1 -1.6 THz have been investigated.

0.1 1 10

this work

Beunen et al. 1981

Mok et al. 1979

frequency f (THz)

Fig VII.3.2.1. The frequency range covered by our study and some other works on wire grid
transmission.
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VII.3.2. The grids

The grids (Fig. VII.3.2.2) are constructed of fine cylindrical gold-coated tungsten

wires. They are fabricated in the machine shop of the 2. Physikalische Institut of the

RWTH Aachen. The dimensions of the two wire grids investigated are listed in Table

VII.3.2.1.

Fig VII.3.2.2. The wire grid

Table VII.3.2.1. Parameters of the wire grids.

grid # aperture, mm wire diameter s, µm grid period D, µm fill factor f = s/D

1 ∅=90mm 20 100 0.20

2 80mm x 80mm 10 33 0.33
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VII.3.3. Experimental results and discussion

The wire grids were placed in the focus of the THz-beam between parabolic mirrors

II and III (see Fig V.1.3.1) perpendicular to the propagation direction of the THz

beam. The THz-radiation is linearly polarized. Like in the most of our experiments,

the THz radiation was polarized horizontally.

The transmission of the wire grids has been measured for the polarization of the

THz-electric field E parallel to the wires (E || S) and E perpendicular to the wires (E

⊥ S). An example of measured time profiles and the corresponding Fourier spectra

are shown in Fig. VII.3.5.1 and the complex transmittances are presented in Fig.

VII.3.5.2. In case of E ⊥ S the transmission of wire grids is high. The temporal

profile of the transmitted THz-pulse is almost identical to the freely propagating

pulse.

In case of E || S the transmission of the wire grid is lower. In addition, the temporal

profile of the transmitted THz-pulse is changed significantly i.e. a grid acts a as a

highly dispersive medium in this case.

In Fig. VII.3.6.1 the measured complex transmittance of the grids together with the

theoretical curves by Beunen et al.141 and Chambers et al.143 A type of least-squares

method developed by Davies144 (called in the nomenclature of Petit145 the modal

expansion method) and then used by Mok et al.140, Beunen et al.141, and Volkov et

al.142 provides a good description of experimental results only for grids with very

low fill factors. Even for f = 0.2, the deviation is significant, especially for E ⊥ S and

at frequencies higher than 500 GHz. In the frequency range investigated (0.1 – 1.6

THz) the theory describes the grids as being almost perfect polarizers i.e. practically

transparent at the E ⊥ S and almost opaque at the E || S orientation. On the contrary,

the exact theory of Chambers et al.146 (often referred to as the Green’s function

method) is found again to give a much better description of the measured data.

The persisting deviations between theory and experiment are caused most probably

by the disorder in the grid structure. As have been mentioned in the works cited (see,

for example, Ref. 141) the irregularity of the grid structure is stronger for grids with

larger fill factors. In our study we observe the same phenomenon. It can be explained

by the relative deviation of the spacing between wires increasing with the grid

density140 since the denser is a grid, the greater is the difficulty to produce it evenly

spaced143. Among other possible defects of the grid structure can be the poor flatness
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or bad uniformity of wire diameter. Also, there can be significant ellipticity of the

wire cross section.
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Fig. VII.3.5.1. Waveforms (left panel) and complex Fourier spectra (right panel) of the THz
pulses propagating in free space (solid lines) and passed through the grid #1 with E || S
(dashed lines) and E ⊥ S (dotted lines).
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Fig. VII.3.5.2. Complex transmittance of tungsten wire grids: experimental data (solid lines)
and predictions of modal expansion142- (dashed lines) and Green’s function146 (dotted lines)
methods.
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Fig. VII.3.5.2. Comparison of reflectivity spectra fo two grids constructed by using a coil
winder with (solid line) and without (dashed line) the precise control of the wire spacing with
a step motor. The picture is taken from Ref. 143.

In general, the quality of grids has a decisive impact on their performance. The

construction of grids with the help of a modified coil winder where the grid spacing

is precisely controlled with a step motor, leads to the significant suppression of

random errors in the grid structure. Thus, the relative standard deviation of the wire

spacing is reduced down to 0.17 (Ref. 143) against the typical 0.5 for grids created

with a conventional coil winder. This leads to a spectacular improvement of the grid

performance (see Fig. VII.3.5.3).

Superluminal effects

K. Wynne and coworkers147,148 attributed the fact that the maximum of the THz pulse

transmitted through a metallic patterned structure is getting shifted backwards in time

with respect to a freely propagating pulse to the „superluminal effects“ i.e. light

propagation with velocities higher than c. Such an approach does not seem to be

correct since a negative (as well as positive, of course) shift of pulse peak can be a
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consequence of several other not so exotic effects e.g. pulse reshaping due to

focusing/defocusing (see Chapter VI) or propagation through a dispersive medium.

In our data in the case of E || S configuration the peak of a pulse passed through a

grid gets also shifted “backwards” but the pulse shape itself is very much different

from the freely propagating pulse profile. In fact, our data on wire grids look similar

to the results of Wynne et al. both in time and frequency domain. In Fourier space

the phase curve for the pulse transmitted through the structure oriented perpendicular

to the incident field polarization goes under the phase curve of the freely propagating

pulse. Or, equally, the phase of the corresponding complex transmittance is negative,

which was observed in all previously published works on wire grids when E || S.

To our mind, the negative phase shift (at least in this particular case) can be

explained without any references to superluminal effects but through the basic

principles of electrodynamics. When electromagnetic wave strikes a wire the last

starts to emit a wave in anti-phase (in order to satisfy the boundary condition i.e. the

tangential component of the electric field equals to zero). But due to the wire having

non-zero reactance, this secondary wave has a positive time shift with respect to the

incident wave and its amplitude is smaller and the shape is changed due to the wire’s

resistance and the dispersion in its material. Even in its focal point the THz beam

cross section is never smaller than at least few millimeter in diameter. This implies

that its large part passes the wire in any case. So, the electric field at the detector is

actually a superposition of that passed portion and the field of the anti-phase wave. It

is valid for any frequency so that a sum-waveform (i.e. a pulse time profile) will

always have a peak shifted backwards with respect to the pulse measured without the

wire or, equally, the corresponding transmittance will have negative phase. All that is

in a good agreement with the results reported previously (see, for example, Ref. 141).

 z = x - y 

x 

y 

z 

���  

���  

Fig. VII.3.6.2. Phase diagram of the signals
measured without a wire (x), emitted by the
wire (y), and measured when the wire is
present (z).
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VII.3.4. Conclusions

We have studied the complex transmission of the wire grids with the fill factors of

0.20 and 0.33 in the frequency range from 0.1 up to 1.6 THz with wires oriented

perpendicular or parallel to the incident field polarization. In accordance with earlier

observations, the agreement between experimentally measured and theoretically

predicted complex transmittances is good for grids with lower fill factors f and is

getting worse as f increases.

VII.4. Complex transmittance of YBa2Cu3O6.95 patterned

thin films

This section summarizes the results of the complex transmission measurements of

the striped YBa2Cu3O6.95 80-nm films on 1-mm MgO substrates at the temperatures

25 – 300 K in the frequency range 0.1 – 1.0 THz. In order to extract the properties of

the stripes material from the measured transmittances the Effective Medium

Approximation have been employed.

VII.4.1. Motivation

Basic research

Mesoscopic superconductivity is a new and extremely exciting area of research. It

covers superconductivity in the structures, which are smaller than 1 µm (Ref.

149,150,151), i.e. which are comparable to or shorter than the phase coherence

length of the superconducting or normal conducting carriers152. In order to illustrate

the size requirements for superconducting mesoscopic systems characteristic lengths

for conventional (Al, Nb) and high temperature superconductors (YBCO) are

summarized in Table VII.4.3.1.
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Table VII.4.3.1. Comparison of some microscopic parameters of aluminum,
niobium, and YBCO

Al Nb YBCO
London penetration depth λL (nm) [Ref. 124] 40 50 140
coherence length ζ (nm) [Ref. 124] 550 39 1.8
mean free path of quasiparticles in the
superconducting state
l (nm) at T = 4.2 K

100-1000

The observation of superconducting mesoscopic phenomena in YBCO requires in

principle samples with dimensions as small as nanometer. However, due to the rapid

decrease of the quasiparticle scattering rate in the ab-plane of YBCO below Tc the

mean free path of the unpaired carriers reaches 100-1000 nm in the ab-plane.

Therefore, in patterned c-axis oriented YBCO thin films with the pattern dimensions

around 1µm the scattering of the quasiparticles is expected to be different from that

in solid thin films.

Applied research

YBCO thin films are used in fabrication of passive and active microwave and THz-

electronic devices153. The microwave devices, e.g. bandpass filters, Josephson

junction arrays, rapid-single-flux-quantum electronic circuits are based on patterned

thin films. The dimensions of the pattern are 0.5 µm (RSFQ at 100 GHz clock rate)

and 1-100 µm (filters, Josephson junctions arrays). The electromagnetic properties of

µm patterned YBCO thin films like surface resistance and penetration depth are

rather unexplored because conventional microwave spectroscopy is difficult to apply

to patterned structures. The electromagnetic properties of patterned YBCO thin films

are expected to be different from those of solid films due to the possible material

degradation during the patterning process and/or mesoscopic effects.

VII.4.2. Experimental results and discussion

The YBa2Cu3O6.95 films have been deposited on MgO substrate (1x10x10 mm3) by

laser ablation154 with optical contact lithography and consequent patterning through
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argon plasma etching. Parameters of the samples are presented in Table VII.4.4.1 and

their structure is depicted on Fig. VII.4.4.1.

Table VII.4.4.1. Parameters of the samples
sample index film thickness

(nm)
Tc stripes width s

(µm)
structure period D
(µm)

MgO1 84.5
MgO2

80
83.4

5.6 7.9

�

��� � �

��� � �

Fig. VII.4.4.1. Magnified
view of samples structure
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Fig.VII.4.4.2. Time profiles of pulses transmitted through bare substrate and patterned thin
film when the incident THz beam polarization oriented parallel and perpendicular to the
stripes.

Effective Medium Approximation

The diffraction of the THz radiation on the pattern gives rise to the strong dispersion

that in the time domain manifests itself as a reshaping of transmitted pulses (Fig.

VII.4.4.2).

To date, the complex transmittance of the simplest periodic structure i.e. free-

standing wire grids had been studied thoroughly155,156 (see also the references in

Section VII.3). Infrared studies of planar metal strip gratings have been also

reported157. The theory of metallic158,159 or dielectric160,161 gratings diffraction

performance is well developed162 and effective calculation procedures have been

elaborated163 including those for time-domain data treatment164. But these theories

are namely diffractional i.e. they do not take the wave passed through a grating’s

material into account.

The extraction of material characteristics of a pattern structure from measured

complex transmittance data is a big challenge. A rigorous approach requires the

analysis of both THz radiation diffraction phenomena and transmission through the
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stripes and also should take into account the Gaussian nature of the THz beam (see

Chapter VI). To our knowledge, such a model is not available to date and its

elaboration appears to be a serious theoretical task.

Thus, we applied a simplified model called Effective Medium Approximation165,166

(EMA). Its basic principle is that a patterned structure made of isotropic material is

treated as a solid but anisotropic film of the same thickness (Fig. VII.4.4.3).

Naturally, the two ”crystallographic” directions are chosen along and perpendicular

to the stripes so that two dielectric permittivities are distinguished: for the

polarization of the incident radiation collinear with the grating vector K and

perpendicular to it (i.e. perpendicular and parallel to the stripes respectively). A

general condition of the EMA applicability reads:

filmn

D 1<<
λ

(VII.4.4.1)

where D is the structure period,  is the wavelength of the incident radiation and, nfilm

is refractive index of the film’s material. It can be understood like that the radiation

wavelength must be optically long enough compared to the structure period so that

the diffracted beams of higher orders are negligibly weak.

D

b

d

n s n s

n n
eff

K

Fig VII.4.4.3. The Effective Medium Approximation.
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The effective dielectric permittivities are given by the following expressions:
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with the corresponding zero-order terms:
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where  is the dielectric isotropic permittivity of the stripes material, f = s/D is a fill

factor of the structure, 0 is the permittivity of free space, and K is a grid vector.

Effective dielectric function of a patterned structure

The time-domain THz spectroscopic methods provide the complex transmittance of a

sample that then is to be recalculated into the sample’s material functions like, for

example, complex index of refraction or conductivity. To apply the EMA to our

results we calculated the effective dielectric permittivity spectra for the striped films,

as they were solid films of the same thickness for the THz beam polarization oriented

parallel or perpendicular to the stripes. The spectra calculated this way

transmittances are shown on Fig. VII.4.4.4. The EMA fits (Fig. VII.4.4.5) have been
���������	��
���
��������	��
	�������������	������ "!$#�%'&�&"! ()! (*! +�,.-/#�%0&�&"! ()! (*!21�,435 ������6���	�  ������7�����

measured separately on an YBa2Cu3O6.95 solid film.
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Fig VII.4.4.4. The effective complex dielectric function spectra of striped YBa2Cu3O6.95 thin film.
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Fig. VII.4.4.5. The real part of the effective dielectric function of a striped YBa2Cu3O6.95 film
compared to that of a solid film of the same composition and zero- and second order EMA fits.

The fill factor f of the samples studied was quite high (~ 71%) so that at least at

temperatures well above the Tc the eff of the striped film was of the same order of

magnitude as the permittivity of the solid-film sample and could be fitted with simple

zero-order EMA (VII.4.4.4) and (VII.4.4.5). But as the temperature decreases,

especially when it falls below the Tc, zero-order fit gives values of eff which are

significantly higher than those observed experimentally. It would be too early to

speak about observation of superconductivity-related dimensional effects since there

could be several other reasons for such discrepancy:
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• the films material could have got degraded while etched,

• the pattern of the samples used was not a set of fine parallel stripes but rather

a complicated structure with some gaps in the central part i.e. where the THz

beam’s sensitivity reaches its maximum

• the striped structure had been elaborated from a YBa2Cu3O6.95 film other than
���	�7�)35 ���
 ���	� �������������	���0
 ���  3 ����
 ��� �  �	� ��� � � � 3	� �2� �����.���	��
 3�� �� 

and, the most fundamental reason

• the refraction index of YBCO is very high at THz frequencies which makes

the condition (VII.4.4.1) hard to satisfy with our values of D and .

The last is turning more obvious when one applies the second-order EMA (VII.4.4.2)

and (VII.4.4.3). It yields eff several times higher and of the opposite sign than

measured. So, the EMA expansion is clearly divergent for our values of nfilm, D, and

 in the THz frequency range.

VII.4.3. Conclusions

The complex transmittance of patterned thin YBa2Cu3O6.95 films have been measured

at frequencies from 0.1 – 1.5 THz in the temperature range from 20 to 300 K. The

results have been analyzed in the framework to the Effective Medium Approximation

model that considers a striped structure as a solid anisotropic effective medium. The

analysis shows that the EMA in its simplest form can be hardly applied to our

samples since their parameters drive us to the very edge or even beyond the area of

its applicability.
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VII.4.4. Outlook

On order to proceed with the study of patterned structures both theoretical and

experimental difficulties should have been overcome:

To be able to describe precisely the observed behavior of the structures at THz

frequencies, one should elaborate a complex theoretical model taking into account

both diffractive and transmissive properties of patterned films as well as non-plane-

wave nature of THz beams.

In order to apply the EMA effectively, the structures of much smaller period like tens

or maximum few hundreds of nanometer and of a really fine pattern like a regular

array of parallel YBCO stripes are needed. Important: the etching of the solid films

must be done only after their complex conductivity have been measured.
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VIII. SUMMARY

The main results of this work are briefly as folows:

• A reliable transmission time-domain terahertz spectrometer has been built. It

allows measurements of complex transmittance of bulk and thin film samples of

various materials in the frequency range 0.1 – 2.2 THz. The signal-to-noise ratio

for a freely propagating pulse is over 1000:1 which implies that samples of the

transparence as low as ~ 0.5% can already be studied with the setup. An

integrated closed-cycle cryogenic system enables measurements on up to four

samples at the temperatures from 25 K to 300 K.

• A completely new convertible transmission-reflection scheme of a THz

spectrometer has been realized. The system allows measurements of a sample’s

complex transmittance as well as its complex reflectivity at the THz radiation

incidence angle from 25° to 80°. A change of incident angle requires no major

realignment of the spectrometer optics and takes together with measurement

itself only around quarter an hour. This flexible scheme can serve as basis for

many new THz experimental arrangements. Thus, the creation of a time-domain

THz ellipsometer is now only a step away (see next Chapter).

• TTDTS has been successfully applied to the study of HTS thin films. The

measured complex conductivity of YBa2Cu3O6.95 films was analyzed in the

framework of the two-fluid model with the normal carrier fraction behaving

according to the Drude scenario. This allows the extraction of temperature

dependent London penetration depth and quasiparticle scattering rate. The

results on Tl2Ba2CaCu2O8 (Tl-2212) could not be fitted with simple Drude

expressions so that the model in this case is either inapplicable, or has to be

modified, e.g., by the introduction of more scattering rates or/and by making the

rate(s) frequency dependent. At the frequencies around 1 THz and higher, Tl-

2212 is characterized with unexpectedly high surface resistance. Moreover, the

real part of dielectric function becomes positive at higher THz frequencies at T <

Tc. Above the transition temperature, it stays positive in the whole frequency
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range of our spectrometer. The phenomenon was also observed with traditional

IR spectroscopic means and is probably caused by unusually high phonon

contribution to the dielectric permittivity of the material.

IX. FUTURE WORK AND PROJECTS

IX.1. Development of new TDTS arrangements

As a very flexible experimental technique, the time-domain THz spectroscopy offers

plenty of possibilities for further developments, involving the improvement of the

existing arrangements and enhancement of their performance as well as the creation

of brand new instrumentations. In this chapter some of such ideas and projects are

presented.

IX.1.1. Time-domain THz ellipsometer

Ellipsometry is a well-developed and very precise means for surface and thin film

measurements167. It is based on the analysis of the polarization changes, which

incident light acquires as it is reflected off the surface of a sample. For the thin films

study, ellipsometry allows in many cases not only the determination of optical

constants but also of the film thickness on a sub-monolayer level.

Modern ellipsometers operate in the frequency range that extends from the deep UV

(~200 nm) to the near-IR (~2 
 ,"!�� �	� ����� � ���7� ���	� ����
 ��-�
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(RTDTS, see Section V.3) is complementary to the optical ellipsometry as it covers

much lower frequencies.

As the sources of electromagnetic radiation, Xe or Hg-Xe arc lamps are normally

used, and the detector is typically a Si diode. In order to realize the spectroscopic

ellipsometry, i.e. measurements of optical constants at various frequencies, it is

necessary to employ optical filters or to change light sources and detectors. In this
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respect, an advantage of RTDTS compared to conventional ellipsometry is that being

a time-domain method, RTDTS provides complex reflectivity spectra immediately in

a broad frequency range.

Ellipsometry is more accurate than intensity reflectance because not the absolute

intensity of the reflected light but the relative change in its polarization has to be

measured. It implies that ellipsometry is self-sufficient in the sense that there is no

reference measurement necessary. On the other hand, the problem with reference

surface, especially with its precise positioning with respect to a sample, is the major

hardship for RTDTS. Therefore, the creation of an instrumentation that could

combine the advantages of TDTS (broad bandwidth covering the frequencies so far

unreachable for ellipsometers) and the precision of ellipsometry would be a

remarkable breakthrough in the development of experimental methods of the surface

science.

Basics of ellipsometry

Ellipsometry measures the change in polarization state of light reflected by the

surface of a sample and relies on the difference of the reflectance for s- and p-

polarized electromagnetic radiation. So, the incident light must not have any of these

polarization states. A scheme of a typical ellipsometric arrangement is shown in Fig.

IX.1.1.1. The unpolarized light emitted by a source passes through a polarizer that

filters only one polarization. As s- and p-components of the incident light acquire

different changes in their amplitude and phase, the linear polarization of the incident

beam turns elliptical (Fig. IX.1.1.2), hence the name. Then the reflected light strikes

an analyzer that allows only one certain polarization to pass through and reach the

detector. By the rotation of the analyzer the whole polarization ellipse is read out*.

                                               

* There are several schemes of ellipsometric measurements possible but only the one with rotating

analyzer is considered here because it appears to be the best one for the use in a time-domain THz

ellipsometer.
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and the direction of incident beam polarization (Fig. IX.1.1.2.). DFE�G  equals to the
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ratio of the ellipse’s main axes. Physically, it is a measure of a phase shift between s-

and p-components due to the reflection off the sample.

In many cases, it is useful to perform several ellipsometric measurements at different
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to their optimum value, where the ellipsometer has maximum sensitivity. Such

ellipsometric arrangement combined with the ability to measure at various

frequencies is usually referred to as VASE® (Variable Angle Spectroscopic

Ellipsometry*) scheme.

 

sample 

light 
source 

polarizer analyzer 

detector 

Ei 

Er 

s-plane 

p-plane 

Fig. IX.1.1.1. Geometry of an ellipsometric experiment. Ei – electric field of linearly
polarized incident light, Er – electric field of elliptically polarized light reflected by the
sample surface.

                                               

* VASE is a registered trademark of the J.A. Woollam Co., Inc.
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Fig. IX.1.1.2. EM radiation polarized elliptically after
the reflection off the surface of a sample. Propagation
direction is perpendicular to the plane of the figure. Ei

– initial linear polarization of incident light; a, b – the
main axes of the polarization ellipse.

RTDTS + VASE = TDTE !

The ratio of complex reflectivities (IX.1.1.1) is exactly the same complex function
*

PS that is obtained in reference-free measurements with a reflection time-domain

spectrometer (Eq. V.3.3.6). In the case of RTDTS, one has to measure separately the

two waveforms of reflected pulses at both s- and p-polarizations. To do that, it is

necessary to rotate both the emitter and the detector of THz radiation for 90° and

readjust the spectrometer. In an ellipsometer, however, *
PS is measured without any

disturbance of the light source or the detector but with a whole rotation of the

analyzer.

And here comes the idea of a time-domain terahertz ellipsometer (TDTE). If having

a polarization selective THz detector we were able to rotate it step-wise and to

perform a scan of a THz waveform at every step, as a result we would obtain a

continuous sequence of ellipses similar to that shown in Fig. IX.1.1.2 for every

certain frequency from the THz spectrometer bandwidth.

In principle, a convertible THz spectrometer in its reflection configuration (see Fig.

V.3.2.1) can be turned into an ellipsometer by simple turn of the THz emitter out of

p-polarization and setting the receiver antenna on a rotary stage. The radiation

emitted by a large aperture biased emitter is highly polarized. A dipole antenna

detector has at least 90% selectivity to the polarization of the radiation detected168.

Thus, the polarizer and analyzer could be dropped from the ellipsometer



145

arrangement. If the polarization selectivity of the emitter and the detector would not

be sufficient, additional wire grid polarizers (see Section VII.3) could be installed

after the emitter and before the detector.

But a technical realization of the scheme with rotating antenna would be very

problematic. First, a sophisticated antenna holder with sliding electric contacts

should be constructed. The second and the main hardship arises from the fact that an

antenna is extremely sensitive to the adjustment of the optical probe beam. It is

hardly possible to keep the probe beam spot focused with sub-micrometer accuracy

on the photoconducting gap of the constantly rotating antenna.

The use of electro-optic sampling (EOS) detection system (Section IV.2) appears to

be the right choice. An EO crystal can be easily rotated since it needs no electrical

leads and the measured THz signal is not sensitive to the exact position where the

probe beam strikes the crystal. Compared to an antenna detector, the EOS is

somewhat less polarization selective (Fig. IX.1.1.3) so that a wire grid polarizer

should be set before the crystal.

The proposed schematics of the TDTE is shown in Fig. IX.1.1.4. For setting the

incidence angle, it employs the same adjustable frame as the convertible

transmission-reflection THz spectrometer (CTRTS, Section V.3). It fact, the TDTE

differs mechanically from the CTRTS with EOS only by the spinning holder for the

EO crystal. The EO detection is arranged slightly different from that described in

Section IV.2, namely the EO action is made by a probe pulse reflected from the back

side if the EO crystal.

In optical ellipsometers, the analyzer is rotated at the speed of several tens of Hz and

the result of the measurements is an average of hundreds of whole angular scans. In

TDTE, however, the measurement sequence should be different. The EO crystal is

installed on a motorized rotary stage. At every angular position of the stage, a several

scans of THz waveform are made, which are then averaged and converted into a

complex spectrum via the FFT routine (see Section VII.1.1). The procedure is

repeated at every angular step of the rotary stage. After that, by doing a cross-section

of the measured spectra, we obtain an ellipse similar to that shown in Fig. IX.1.1.2 at

any frequency from the operation range.
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The TDTE arrangement can be made even more flexible and enabling the reflectivity

measurements at normal incidence. It can be done through integration of a terahertz

transceiver into it, to which the next section is devoted.
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Fig. IX.1.1.3. Angular dependence
the maximum of THz pulse measured
with an EO crystal (ZnTe, 10x10x1
mm3). “+” and “-“ indicate the sign
of the main peak of a THz waveform.
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Fig. IX.1.1.4. The schematics of a time-domain THz ellipsometer (compare to Figs. V.3.1.1
and V.3.2.1). The legend: (TE) –  terahertz emitter (high voltage biased semiconductor),� �������	��
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Wollaston prism,
(PD) – photodiode, (P) – polarizer for the optical probe beam. Other elements are identical
to those of the CTRTS (Fig. V.3.1.1). The laser beam is polarized perpendicular to the plane
of the picture.
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IX.1.2. Terahertz transceiver

A TDTE described in the previous section solves the problem with the reference that

is a serious hardship for RTDTS. What it cannot solve, is the problem of the multiple

reflections within a bulk sample (or a substrate for a film). Unlike the transmission

case, at an oblique incidence of THz radiation the reflections cannot be taken into

account during the calculation of the sample’s refractive index since they propagate

different optical paths. Cutting away the reflections leads to shortening of a THz

waveform and, according to Eq. VII.1.1.7, to the worsening of the frequency

resolution of the spectrometer. The problem was already mentioned in Section III.3

in connection with the multiple reflections within a surface emitter. Furthermore, for

the case of bulk samples, such cutting off the multiple reflections makes the precise

determination of the sample thickness (Section VII.1.2) impossible.

Recently, Chen and coworkers169 proposed a new time-domain THz arrangement that

enables measurements of the complex reflectivity at the normal incidence and

eliminates therefore the problem described above. They named it an electro-optic

terahertz transceiver. Its main feature is that both THz emission and detection are

made with the same EO crystal.

Fig. IX.1.2.1 shows one of the possible arrangements of a transceiver. A pump pulse

travels through the EO crystal and causes a transient polarization. According to Eq.

III.1.1, it results in the emission of a THz pulse whose amplitude is proportional to

the second time derivative of this optically induced polarization. The emitted THz

radiation is then collimated and focused on a sample by a pair of parabolic mirrors.

After being reflected from the sample surface, the THz pulse travels back the same

way a and reaches the EO crystal. A probe pulse is reflected by the back surface of

the crystal and than propagates through it together with the THz pulse. Then follows

a usual electro-optic sampling action (Section IV.2).
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and the probe beams are both s-polarized.

Such a setup allows to acquire the THz reflectance data with the same frequency

resolution as is provided by THz transmissivity measurements and to study much

less transparent samples. Moreover, it makes possible the measurements on thin

films, characterized by relatively low values of refractive index. As has been shown

in Subsection VII.1.3, the phase shift, e.g., of a THz pulse due to the propagation

through a 500 nm thick YBa2Cu3O6 film does not exceed 50 fs which is close to the

time resolution of the transmission THz spectrometer. As a result, the pulses passed

trough the film on a substrate and the bare substrate look almost identical. The

waveform measured in this case by a THz transceiver is, however, a superposition of

the pulse reflected by the film surface and the film-substrate interface. Those time

profiles have opposite phases so that the sum waveform differs significantly from the

initial one170.
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The transceiver can be effectively used for THz imaging applications and contact-

free surface testing. Its overall performance is, however, about 2 times lower* than

for a conventional spectrometer with two separate crystals. The reason is that the

maximum of THz emission and the maximum of the phase retardation by the EOS

are reached at different angles between the laser beam (either pump or probe) and the

crystallographic directions of the EO medium. So, the actual angle is trade-off

between the effective THz generation and detection.

A THz transceiver can be easily integrated into the TDTE arrangement (Fig.

IX.1.2.2). With the help of two flipper mirrors one can send the pump beam along

the probe one. And additional delay stage must be set in the probe beam path in order

to make the both probe an pump arms equally long.

In conclusion, an experimental arrangement is proposed that would enable

measurements of THz transmittance, reflectance at both oblique and normal

incidence (including the study of thin films with low indices of refraction and

absorption), as well as ellipsometric measurements of optical constants and of the

thickness of thin films.

                                               

* For (110) oriented ZnTe crystal.  By other orientations the performance is even lower.
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Fig. IX.1.2.2. The three-in-one scheme combines the arrangements shown in Figs. V.3.1.1,
IX.1.1.4, and IX.1.2.1. A convertible transmission-reflection THz spectrometer (CTRTS) in
its reflection configuration can be used as a time-domain terahertz ellipsometer provided
that both the EO crystal and the emitter are installed on rotary holders. In the transmission
configuration, the CTRTS can be easily converted into a THz transceiver by sending with the
help of flipper mirrors (FM) the pump beam (dashed line) along with the probe onto the EO
crystal. The compensation delay stage (CDS, dotted line) ensures the equality of optical
paths of the pump and probe beams for the transceiver.

IX.2. Further study of HTS thin films

To date, THz properties of cuprate high-Tc superconductors remain to a large extent a

scarcely explored area. Thus, the exact origin of the conductivity peak (Section

VII.2.4) is still in the focus of lively discussions. The frequency behavior of the peak

appears to be very sample-dependent, in particular, very sensitive to any doping and

changes in the oxygen content or ordering (see, for example, Ref. 110). In this sense

it would be interesting to investigate in detail the influence of the stoichiometry

deviations on the dynamic conductivity of HTS materials.
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Cuprate HTS are very anisotropic materials, and their electromagnetic properties

along the c-axis differ drastically from those in the ab-plane. Thus, YBCO seems to

never be in the clean limit in the c-direction171. The studies of the c-axis response

have been reported for optical171,172 and FIR173 frequencies but not for THz range. In

TBCCO (and related BSCCO) the extreme anisotropy and the consequent low

conductivity along the c-direction makes possible the observation of c-axis plasma

resonance125 and even the interlayer Josephson Plasma Resonance174 (JPR) at THz

frequencies. In both cases, however, the measurements of c-axis electrodynamics

reported so far have been done in indirect way, either with THz radiation propagating

along the surface of the HTS film125 or oblique incident onto the film’s surface174.

Such measurements provide therefore only the resonance frequency. As soon as

corresponding a-axis thin films are available, a profound TDTS study of complex

material functions of HTS in c-direction can be performed.

The knowledge of phonon structure of HTS cuprates in THz range could among

other shed light on unusual behavior of dielectric function in TBCCO. In this respect

it is very interesting to study THz dielectric spectra of non-superconducting members

of the TBCCO family. Due to the reasons stated in Section VII.1.3, TTDTS can

hardly be applied to the measurements on dielectric films with thickness below 100

nm. In this case, reflections measurements with a THz transceiver (Section IX.1.2)

could provide reliable results.
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